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The western Kenyan highlands are among the most highly populated and productive 
areas in Kenya’s “breadbasket” regions. It is important, therefore, to make optimal use of 
available land to enhance food security. The objective of this project was to develop a 
first generation digital soil map of a portion of the Uasin Gishu Plateau to be used for 
both teaching and extension. To support digital map production, we sampled five 
representative pedons and analyzed them for organic matter, pH, extractable K+, Ca2+, 
Mg2+, Al3+, and P, effective cation exchange capacity (ECEC), base saturation, soil 
texture, and clay mineralogy. Pedon KN12 is a poorly drained Vertisol (Typic 
Endoaquert) in a depression at ~2280 m elevation; pedons KN13 and KN14 are well-
drained Oxisols at ~2230 m elevation with a petroferric contact within ~80 cm of the soil 
surface (Petroferric Eutrudox), and pedons KN15 and KN16 are well-drained Oxisols 
(Humic Eutrudox) at ~2780 m. All 5 pedons had clay textures throughout. There were no 
statistically significant differences (p>0.05) in extractable P and K+ levels, but the 
remaining parameters showed significant differences (p<0.05) among the sites. The 
Vertisol (KN12) had significantly higher ECEC, Mg2+, Ca2+, base saturation, and pH, and 





 correlated with Ca2+, Mg2+, ECEC, and pH, and negatively correlated with Al3+. X-ray 
diffraction showed that the clay fraction of the Oxisols was predominately kaolinite with 
smaller amounts of mica. Goethite and rutile were also identified in KN13, KN15and 
KN16. The clay fraction of the Vertisol contained interstratified kaolinite-smectite and 
discrete kaolinite. One Oxisol (KN16) contained hydroxyl-interlayered vermiculite in 
addition to kaolinite. A Digital Elevation Model (DEM) was used to generate covariates 
such as topographic wetness index (WTI), percent slope, geomorphons, and altitude 
above channel network. These covariates were used to create a soil class map of a portion 
of the Usain Gishu Plateau that is significantly more detailed than the currently available 
soil maps of the area. A major constraint limiting digital map production in Kenya at this 
time is the poor spatial resolution (90 m) of the available DEM data. 
Keywords: XRD, x-ray diffraction; DSM, digital soil mapping, DEM, digital elevation 












CHAPTER 1. INTRODUCTION 
1.1 Overview of African Agriculture and Soils  
1.1.1 Africa 
In comparison with other continents, Africa has had the highest population growth 
rate and is severely struggling with the challenge of feeding its burgeoning population, 
having gone from a net exporter of agricultural products to a net importer in a span of 
three decades (FAO, 2011). In contrast with Asia and Latin America, Africa’s food 
production has been in decline, with poor crop output being a result of insect pests, weeds 
and soil degradation that has claimed over 75% of arable areas due to prolonged mono-
cropping with little or no intentional soil management practices (Khan et al., 2014). Khan 
et al. (2014) noted that since 1990, in contrast with East Asia and the Pacific, and with 
Latin America, where there had been a significant increase in per capita food production 
of 30% and 20% respectively, sub-Saharan Africa per capita food production has shrunk 
by 3%.  Some 33% of the population is condemned to undernourishment, with 60% of 
the undernourished population being in Eastern Africa (Khan et al., 2014).  
 The continued degradation of soils will, without doubt, seriously jeopardize 
future food security. The efforts and energies of various governmental and non-
governmental organizations should therefore be geared towards increasing food 




degradation. The glaring differences in agricultural production between the western 
nations in comparison to their counterparts in developing countries, especially Africa, is 
mirrored in economic development, soil nutrient management, and market access 
strategies (Bindraban et al., 2012). In most of the developing countries in Africa, soils are 
one of the mismanaged factors of crop production. Soil management is usually left to 
small scale farmers to manage in ways they deem fit, with little to no help from experts 
with regard to management. This usually results in loss of soil fertility and thereby 
continuously decreasing yields in a world where feeding the ever growing population is 
becoming a significant challenge. Soil erosion, soil compaction, decrease in soil organic 
matter, and biodiversity decline, among others, are generally regarded as the cause of soil 
tilth loss. Small-scale farmers play a key role in restoring and maintaining soil fertility 
through adoption of good agronomic practices such as soil and water conservation 
measures (Bekunda, et al., 2010). 
African tropical soils are mostly acidic and have poor fertility. Most of these soils 
are usually deep, well drained, and have good soil structure, making them suitable for 
plowing irrespective of the moisture content (Goedert, 1983). Food production in large 
parts of Africa has not attained maximum production due to the absence and/or 
unaffordability of mineral fertilizers (Akinrinde and Teboh, 2006). As rightfully declared 
by the heads of African States, a major improvement in the agricultural sector is needed 
to trigger economic empowerment of the continent, and this can be achieved by reversing 
soil nutrients depletion trends, identifying and quantifying the limiting factors in a given 
soil, and monitoring soil physical and chemical changes among other factors (Bekunda et 




interest and dominate the world scene. One of the targets of the Millennium Development 
Goals set by the United Nations is to halve the number of malnourished people by the 
year 2015 (United Nations, 2000). As of now, it is unlikely that this goal will be met.  
It is estimated that over the last century, 40% of the land under forest cover has 
been cleared for agricultural use, which usually gives considerably higher yields over the 
short term due to organic matter mineralization and release of plant nutrients (Ngoze et 
al., 2008). The increase in human population, coupled with movement of people to arable 
areas contributes to the rampant conversion of tropical forests and ecosystems to 
agricultural production as well as putting enormous strain on productive lands (Baldyga, 
et al., 2008). Carbon emissions resulting from tropical forest loss due to change in land 
use patterns account for the second largest source of anthropogenic carbon because 
forests play an important role as a carbon sink and contribute significantly in regulating 
climate (Rideout, et al., 2013). Forests also play an important role as water catchment 
areas, and they are important preserves for biodiversity, among other factors.  Therefore, 
enhanced knowledge of local soils will help farmers better manage soils with a view of 
increasing crop production and will help farmers make informed overall decisions on 
land use.  
With shrinking arable land partly due to challenges posed by climate change and 
mushrooming of urban centers, information on local soils can be a useful resource in 
decision making, both at the farm level and on the national scale. Unpredictable rainfall 
patterns are exacerbating the challenges facing farmers struggling to reduce yield gaps. 
Ecosystem management may offer one of the most effective ways of mitigating multiple 




crop rotation, use of cover crops, etc., can improve soil tilth in the long run by improving 
soil structure, increasing soil organic matter content, reducing soil erosion control and 
increasing soil fertility (Baver et al., 1972). Digital soil maps can provide information as 
to the type and intensity of land management that will be required to improve crop 
production, as well as provide predictions of the potential limitations of the soil. 
1.1.2 Kenya 
Sixty percent of households in Kenya depend on agriculture as their main source 
of income (Kibet and Obare, 2011). In Kenya, there is low adoption of modern 
technology, widespread poverty, and poor agricultural yields partly because of moisture 
stress associated with rainfed agriculture (Bryan et al., 2013). Information of agronomic 
relevance coupled with market analysis, improved infrastructure and policies could be 
beneficial in attempts to assess future trends on food security, as well as changes in land 
use patterns (van Ittersum et al., 2013). Safeguarding soil from degradation and loss of 
fertility is crucial for securing food security and increasing agricultural production in 
Kenya. It is important to note that yields from crops can only increase if the soil tilth is 
maintained and improved (Mock, 2007). Rebuilding soil fertility takes quite a long period 
before highest yields are attained. Since Kenya’s population is increasing at a rate of 
2.1 % per year and has doubled in the last 25 years to about 45 million people (CIA, 
2014), there is enormous pressure on arable land. This has compelled agricultural 
producers to produce more with less land and in the shortest time possible to maximize 
their profits. The traditional methods of allowing enough time for soil fertility 




Agriculture is still the economic mainstay of Kenya and most other African 
countries. Its role in poverty reduction and establishment of sustainable development 
cannot be overstated. Sixty to 90% of employment comes from agriculture-related 
activities in many African countries, while as much as a third of the continent’s Gross 
Domestic Product (GDP) comes from agriculture (Chedotum, et al., 2013). In Kenya, 
agricultural production is done at both large and small scales, but small-scale subsistence 
farming accounts for 75% of the total agricultural production (Korir, 2011).   
An easy to read and use digital soil map would provide information for enhanced 
and increased agricultural production in Kenya. Although several non-governmental 
organizations have done some soil data collection in Uasin Gishu County and throughout 
the country as a whole and have developed thematic maps, it is important to merge this 
information and create a suitable digital soil map with functional soil properties. A digital 
soil map and database, can be used for managing agricultural soils, establishing land use 
practices that are sustainable, and for environment protection.   
Land ownership is a weighty matter in most parts of Kenya. The same piece of 
land is usually subdivided among family members in each succeeding generation.  The 
pressure to produce more on the often poorly managed land gets higher every season as 
the number of the dependents increases. This decrease in farm size, without substantial 
soils information and other agricultural research, poses a serious threat to general food 
security for small-scale subsistence farmers (Harris and Orr, 2014).  Such a situation is a 
perfect recipe for intercommunity uprisings like the one witnessed after the bungled 
Kenyan general elections in 2007-2008 (Young and Sing’Oei, 2011). Similarly, poor 




logging, grazing, and poaching as alternative sources of income. Because of the 
importance of agriculture in the country, the available arable land must be protected from 
degradation to safeguard per capita food production, particularly among the small-scale 
producers. It is important to disseminate soil-related research information to the end user 
in a simple comprehensible manner and help increase awareness of the importance of soil 
by establishing links between farmers and the institutions of higher learning. The political 
class can play an important role in helping increase awareness of the global significance 
of soils by incorporating soil issues in their national discussions. It is a challenge of every 
government and learning institution to provide adequate information on sustainable 
management of available soil resources to maximize productivity and ensure the rapidly 
growing population is food secure. However, the shrinking farm sizes in most of the 
families over the years poses a great challenge in reducing poverty (Harris and Orr, 2014). 
The combination of factors such as seed, fertilizer, irrigation, and spatial information of 
soil is an important resource in soil fertility management on the farm arising from 
intensive farming or losses attributed to deforestation and soil erosion (Lindell et al., 
2010, Thomson, 2003).  
To efficiently control environmental hazards, knowledge of the local terrain 
attributes is indispensable. For example, adequate information will help understand 
erosion dynamics and can provide an avenue through which agricultural regulations that 
define permissible maximum tolerable soil loss rates can be based. This can help provide 
a strong foundation for sustainable land use. Soil survey provides an inventory of 
surrounding soil resources to make people better understand the importance of soils in 




1.1.3 Uasin Gishu County 
The study area covers the Uasin Gishu Plateau in Uasin Gishu County, Kenya 
with small portions of the plateau extending into neighboring Kakamega and Nandi 
counties. Uasin Gishu County is one of the breadbasket areas of Kenya. Eighty percent of 
the farmers are small-scale and own less than 2 ha of land (Kibet and Obare, 2011). The 
main agricultural products are maize and wheat. The county has a population of 894,000 
and total area of 3,345 km2 for a population density of 267 per km2. Of this total area, 
about 2,603 km2 (about 78%) is cultivatable. Approximately 218 km2 of the land area 
consists of water, swamps, rocky areas, and steep hills. A further 196 km2 consists of 
urban areas and as of (2011), approximately 134,490 ha (1,345 km2) is under agricultural 
production (Kibet and Obare, 2011). The high potential agro-ecological zones in the 
county are at elevations >1,800 m and receive 1,200 to 1,800 mm of rainfall per year, 
while the low potential zones at lower elevations receive 500 to 1,000 mm per year.  In 
both agro-ecological zones there are two rainy seasons which peak in April and August 
(Kibet and Obare, 2011). Most of the county is in agro-climatic zones I, II, and III, which 
are suitable for agriculture. Agro-climatic zones I, II, and III account for only 12% of 
Kenya’s land area (Orodho, 2006).   
The first Soil Map of the World was published in 1981 by the Food and 
Agriculture Organization (FAO) and the United Nations Educational, Scientific and 
Cultural Organization (UNESCO). This paper-based map lacks quantitative descriptions 
of the soil properties, but is still largely in use in most parts of Uasin Gishu County. The 
variability of the soils in the county is mainly a result of variation in topography, and in 




the physiographic location of a given farm. These differences in soils affect both nutrient 
availability and the general suitability for cultivation (Diwani, et al., 2013). As of now, 
the available soil maps of the county are all general soil maps that are of little or no help 
for specific land use decisions.  
With an increasing problem of soil erosion associated with agricultural activities 
in the whole country (Onyando, et al., 2005), not least in Uasin Gishu county, any 
information that can potentially help both farmers and policy makers within the county 
will go a long way in mitigating soil loss.  The most evident effects of soil loss include 
damage to infrastructure, loss of soil fertility, and eutrophication of water bodies such as 
Lake Victoria. With changing climates, erosion frequency will likely only worsen, 
especially with increase in erosive capability of rainfall (Mullan, 2013). In the bare 
rolling landscape of the Uasin Gishu Plateau, sheet erosion is rampant. It is not an 
uncommon site to come across deep gullying resulting from water erosion in the steeper 
areas, suggesting that an enormous amount of soil must have been lost. Sheet and gully 
erosion could be one of the main contributing factors to the decline of soil fertility, 
especially with little or no chemical fertilizer inputs by most of the farmers.  
1.2 Digital Soil Maps (DSM) 
The demand for precise soil information today ranges from urban to rural land 
planners, environmental modelers, engineers, and those in agricultural industries. All of 
these sectors are trying to understand soil properties of interest with greater accuracy. The 
bulk of the available digital soil maps are derived from the different legacy soil maps that 
were paper based (Thompson et al., 2012). It is essential to note, however, that despite 




generating accurate soil information, traditional soil survey continues to be the most 
common form of soil mapping used, especially where there is high soil-landscape 
variability (Hempel et al., 2008).  
Pedologists and soil surveyors usually use an implicit mental model to delineate 
soil types in a given area, often taking into account soil and environment interactions 
(Adhikari et al., 2014). As stated by Adhikari et al., 2014, such conventional paper maps 
usually do not adequately display in an interactive manner spatial variations that bring 
about differences in soils and therefore make it difficult for end users to access the data to 
make recommendations at the farm level or to formulate policies for food security, 
climate change, or environmental impact. Much of the information available is at a small 
scale and this makes it extremely difficult to know the existing variations in local soils 
that otherwise could be an important tool in agricultural production. Digital soil mapping 
(DSM) techniques offer a way to overcome this constraint by using sparsely collected 
soil data to resourcefully develop soil-landscape associations using available computer 
models (Taghizadeh-Mehrjardi et al., 2014).  Nevertheless, obtaining all the data to 
accurately characterize a given location is difficult, and therefore, the existing soil and 
landscape associations can only be estimated. Hence, the available soil property maps are 
largely based on predictions (Behrens et al., 2014).  
1.2.1 Soil-Landscape Relationships 
SoLIM (Soil Land Inference Model), a model that uses expert knowledge and 
data analysis, is used by soil scientists to predict and understand the relationship between 




to predict the spatial distribution of soil types in a given location. This inference method 
was first proposed by Jenny (Jenny, 1941) and is expressed as: 
S=f(E), 
where S represents soil, E indicates environmental variables, and f represents the soil-
landscape interaction model (SoLiM). This model basically says that if a soil scientist 
knows soil-environment associations and environmental conditions in a given position, 
then it is possible to predict soil conditions at similar locations through inference (Shi et 
al., 2004). Currently available spatial technologies greatly enable soil scientists to obtain 
sizeable descriptive data from environmental conditions. These models of predicting the 
soil types are also in tandem with Geoffrey Milne’s (1947) concept of soil variation along 
a slope in a given landscape. 
Soils are formed by the interaction of five soil forming factors: relief, time, parent 
material, climate, and organisms. The position of a soil in a landscape greatly influences 
soil moisture and temperature. It is possible, therefore, to predict some soil properties 
based on landscape position by looking for changes in one or more of the above soil 
forming factors across the landscape (Hudson, 1992). In this regard, soil boundaries can 
be mapped in a landscape as one or more of the soil forming factors change (Hudson, 
1992). Therefore, adjacent soils with abrupt boundaries can be mapped more precisely 
and accurately than those with diffuse boundaries (Hudson, 1992). The concept of a 
catena, as first described by Milne (Milne, 1947) fits this paradigm, when he notes that 
the distribution of soil types is a function of differences in slope that controls soil 
drainage. Milne was one of the earliest soil scientists tasked with creating a soil map of 




and political purposes.  Milne coined the term catena as a descriptive term for a repeating 
soil pattern down a hillslope in which the differences in soils is the result of variation in 
drainage and differential reassortment and eventual accumulation of eroded material at 
the base of the footslope (Brown, 2005). The material transported down a slope contains 
chemically leached soil components from up slope (Brown, 2005).  
Drainage, therefore, is one of the primary factors that causes soil differences and 
distributions through processes of erosion, translocation, deposition and leaching (Hall 
and Olson, 1991). Milne considered two variants in his concept: that soils of a catena can 
be formed (i) in a single material, and (ii) in two or more materials (Hall and Olson, 
1991). Differences in permeability from one soil horizon to the next due to changes in 
soil texture, density, pore-size distribution, cementation, or mineralogy will result in 
lateral movement of water. The extent of water movement is related to the degree of 
slope, extent of change in soil permeability, and soil water content (Hall and Olson, 
1991).  A significant variation in soil is therefore brought about by the lateral movement 
of water. As a result of local topographical changes, soils on the knolls will have “locally 
arid associates” due to run off, while those in the depressions will be considered “locally 
humid associates” because of accumulation of water from the nearby “higher lands” 
(Jenny, 1941). In both cases, the moisture regimes are different from what is considered 
normal (level topography). However, in locations with heterogeneous parent material, it 
is very difficult to determine and predict the soil-landscape relationship (Hempel et al., 
2008). Therefore, this relationship between soils and landscape enables the soil scientist 




environmental conditions of the soil in question (Zhu et al., 2001), as long as parent 
material remains constant.  
Recent technological advancements have enhanced our ability to accurately 
describe soil properties by improving our capacity to spatially represent variable 
attributes (Cook et al., 1996). The invention of more complex computer programs and 
information processing systems such as geographic information systems (GIS), digital 
elevation models (DEM), relational databases, and remote sensing over the last few 
decades have significantly improved digital soil mapping techniques (Lagacherie et al., 
2006). This ability to precisely describe soil properties will significantly help in solving 
problems surrounding land productivity and degradation (Mora-Vallejo et al., 2008) and 
therefore provide knowledge for proper decision making by policy makers to keep the 
soil within its production potential (McBratney et al., 2000).  
The prediction of soil behavior is important in ensuring beneficial use of soils for 
people, although there are interpretations that are difficult to make, like soil properties 
affected by season and land use (Mays, et al., 1997). For this reason, soil surveyors find it 
challenging to characterize accurately and precisely the continuum of soils in a given 
landscape. Since soils at any one location seldom fit the classification of a given type, 
partial degrees of membership are assigned where 1 represents 100% conformity to a 
given membership while 0 represents no membership.  The rest of the values between 1 





1.3 Clay mineralogy 
Soil clay mineralogy aids to better understand of biological and physical 
processes that are mainly responsible for soil formation and more so to understand the 
interplay between water adsorption, cation exchange and organic molecules on soil 
surface (Moore & Reynolds, 1989). Similarly, clay mineralogy also influences physical 
and chemical properties of soil, environmental processes, and the ability to adsorb 
nutrients and other toxic compounds (Schulze, 2002). Since soil characteristics are 
determined by surface charge characteristics of the minerals in the soil, knowing 
mineralogical composition is a good point to start. The presence or absence of certain soil 
minerals gives important information such as length of weathering and how a given soil 
was formed (Schulze, 2002). Tropical soils are often associated with extensive 
weathering and are often dominated by kaolinites, gibbsite, hematite, and goethite (Anda, 
2008). Therefore, for the purposes of ensuring sustainable evaluation, monitoring, and 
management of soils, it is important to determine the mineralogy of our soils (Vendrame, 
et al., 2012).  
1.4 Objective 
The objective of this project is to develop a digital soil map of a portion of the 
Uasin Gishu Plateau in Uasin Gishu County, Kenya.  Because of limited availability of 
point data, this first generation map will only capture general soil classes of the area. This 
map will be a basis for further development of soil property maps in the future.  This 
project will also establish the soil clay mineralogy as well as key physical and chemical 





CHAPTER 2. MATERIALS AND METHODS 
2.1 Study Area 
The study area is a portion of the Uasin Gishu Plateau in the Western Kenyan 
Highlands (Fig. 2.1). The plateau has an average elevation that ranges between 1900m to 
2100, m but rises to over 2700 m to the East and falls below 1800 m to the west (Lippard, 
1973). The study area was delineated by examining the Soil Map of Kenya (Sombroek et 
al., 1982) and hillshade and slope class maps prepared from the SRTM digital elevation 
model.  The 90 meter digital elevation model (DEM) used for this study was downloaded 
from the World Resources Institute, Kenya GIS data website (World Resources Institute, 
2014). These data are a portion of the Shuttle Radar Topography Mission (SRTM) DEM 
available from NASA Jet Propulsion Laboratory (2014). The area selected has relatively 
homogenous geology and geomorphology, and consists of soils weathered from phonolite 
lava flows of Miocene age (Saunders, 1963; Lippard, 1973).  Phonolite is the fine-grained 
volcanic equivalent of nepheline syenite (Klein and Hurlbut, 1993). Syenite is a rock that 
appears like granite but unlike granite, it has less than 5% quartz in it. When the amounts 







The landscape consists of broad, low relief hillslopes with slopes predominantly 
<6% traversed by low gradient streams, many of which flow through large wetlands often 
filled by papyrus (Cyperus papyrus, L.). The predominant soils within the study area are 
classified as Rhodic Ferralsols in the FAO system and as Petroferric Eutrudox in Soil 
Taxonomy, and are generally well drained, moderately deep to deep, dark red, friable 
clay soils that weathered from intermediate igneous rocks (Sombroek et al., 1982). The 
soils in depressions and bottomlands are poorly drained, mottled, dark gray to gray 
Mollic Gleysols in the FAO system (Sombroek et al., 1982) or Typic Endoaquerts in Soil 
Taxonomy. 
Fieldwork was conducted in July 2012 and consisted of three phases. First, a 
reconnaissance survey was conducted in order to become familiar with the general 
features of the study area. Next, five representative soils were described and sampled 
from hand-dug pits. Lastly, a transect was examined during which additional information 






Figure 2.1 Map of Kenya showing the location of the study area superimposed on the 






2.2 Sampling procedure 
A total of five pedons, chosen to represent the major soils and physiographic 
positions in the area (KN12 to KN16, Fig. 2.2; Table 2.1) were sampled from pits hand-
dug to a depth of 1 – 2 m. Three of the pedons were located within the study area, while 
the other two were in the highlands southeast of the study area in a more rolling 
landscape at higher elevation (Fig. 2.2, 2.3) that was originally considered for part of the 
study area. Soils were sampled by horizons following procedures described by 
(Schoeneberger et al., 2012). Bulk 1 kg samples were collected from each horizon and 
stored in plastic bags. Three cores were taken from each horizon for bulk density 
determination. The samples were air-dried, crushed, passed through a 2 mm sieve, and 
stored in plastic bags for shipment to Purdue University for further physical, chemical, 
and mineralogical analysis. 
 To provide additional information, 9 additional sites were examined along a 
transect across the study area (Fig. 2.2, points 1 – 9) and color, texture, and soil depth 
were recorded from auger borings. The latitude, longitude, and elevation of each auger 










Figure 2.2 Location of the study area and sampling points on the SRTM digital elevation 
model of the area relative to current political boundaries. Points KN12 – KN16 are 
locations sampled and described from pits, and points 1 – 9 are the locations for 




















N 0° 30’ 51’’ 






Plateau and high level 
structural plain (depressions 
with poorly drained soils) 
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Plateau and high level 
structural plain (well 
drained soils) 
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upper middle-lever uplands 
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     2750 
 
upper middle-lever uplands 
 
basic and ultra-basic 
igneous rocks (basalts 
etc.). 
*Latitude, longitude, and elevation from GPS  
ǂ meters above sea level   
**Physiographic position and geology from World Resources Institute (2014). 
 
  





Figure 2.3 The topography of the Uasin Gishu Plateau and part of the adjacent of Rift 





2.3 Sample Analysis 
2.3.1 Physical characterization 
Bulk densities were determined in triplicate by the core method as described by 
Blake and Hartge (1986). Particle size analysis was determined in duplicate by the pipette 
method as described by Gee and Or (2002). Carbonates were not present, but the samples 
were still treated with 1N Na-acetate (adjusted to pH 5) to saturate the exchange sites 
with Na prior to treatment to remove organic matter using H2O2. The samples were then 
dispersed with sodium hexametaphosphate. Particle size distribution is reported on an 
oven-dried weight basis of the carbonate free, organic matter free material. Bulk density 
analysis was done at the University of Eldoret and particle size analysis was done at 
Purdue University.  
2.3.2 Chemical Characterization.  
Organic matter was determined by loss on ignition after heating the samples to 
360° C for 2 h as described in Combs and Nathan (1998), but without including a factor 
to convert the values to a Walkley-Black Titration basis. Soil pH was determined in a 1:1 
(soil:water) slurry after equilibration for 20 minutes using a calibrated electrode which 
was placed in the slurry and the reading recorded while stirring. Buffer pH was 
determined in a 1:1:2 (soil: water: SMP buffer) mixture (Peters et al., 1998). Bicarbonate 
extractable P and exchangeable K, Mg, and Ca were extracted using the Mehlich III 
solution (Frank et al., 1998; Warncke and Brown, 1998) and shaking on an oscillating 
extractor for 5 minutes (at 180 oscillations per minute), after which P, K, Mg, and Ca 
were determined by ICP as described by Helmke and Sparks (1996) for potassium; Kuo 




aluminum was extracted by KCl as described by Bertsch and Bloom (1996). The 
effective cation exchange capacity (ECEC) was calculated by summing K, Ca, Mg, Al, 
and Na. Sodium was estimated at 0.5 cmolckg-1 in all samples based on previous analysis 
of similar soils by Obura (2008). The base saturation (B.S.) was calculated by;  
% B.S. = (K++ Ca2++ Mg2++ estimated Na+) cmolc kg-1 / ECEC)*100. 
 Chemical analysis were done by a commercial laboratory (A&L Great Lakes 
Laboratory, Fort Wayne, IN). 
 
2.4 Clay Mineralogy 
The upper most B horizons from each of four pedons were selected for clay mineral 
analysis (horizons KN12C, KN13C, KN15C and KN16B). Clay mineralogy does not 
usually vary greatly with depth, particularly in highly weathered soils such as these, so 
one horizon was determined to be representative for the profile. Subsurface horizons 
were selected to reduce interference from organic matter, which is more abudant in the 
darker colored surface horizons. Pedon KN14 was morphologically similar to KN13 and 
therefore only KN13C was analyzed. 
2.4.1 SamplPreparation for X-ray Diffraction Analysis    
Based on the previous particle size analysis, sufficient sample was weighed into 50 mL 
conical bottom plastic centrifuge tubes to provide ~350 mg of clay.  Twenty five mL of 1 
M Na-acetate at pH 5 was added and the tubes were heated for 20 min. After centrifuging 
and discarding the clear supernatant, ~25 mL of 1 M NaCl was added and the samples 




samples were then centrifuge-washed with deionized water and the clear supernatants 
discarded until dispersion began. Five additional centrifuge washings using deionized 
water and a centrifugation speed and time calculated to separate the <2 µm clay fraction 
allowed the clay to be collected in a beaker. Aliquots containing 88 mg of clay were then 
saturated with either K+ using 1M KCl or Mg2+ using 0.5 MgCl2 by sedimenting the clay 
onto 32 mm diameter, porous ceramic disks under suction and repeatedly washing with 
either  KCl or MgCl2, followed by deionized water to wash out the excess salt. The K+ 
saturated clay was air dried, while Mg2+ clay was solvated with ethylene glycol by 
placing it in a dessicator containing free ethylene glycol and the heating at 60° C 
overnight. 
2.4.2 X-ray diffraction analysis.  
The Mg-saturated and ethylene glycol solvated sample was x-rayed once, and the 
K-saturated sample was x-rayed 4 times, first at room temperature, and  after successive 
heating for 2 hours to 100°, 300°, and 550° C in a muffle furnace. Diffraction patterns 
were obtained using a PANalytical X’Pert PRO MPD x-ray diffraction system 
(PANalytical, Almelo, The Netherlands) equipped with a PW3050/60 θ-θ goniometer 
and a Co-target x-ray tube operated at 45 KeV and 40 mA. Incident beam optics 
consisted of an Fe beta filter, 0.04 radian Soller slit, a programmable divergence slit, and 
a beam mask set to illuminate a 15 × 20 mm sample area. A fixed, 1° anti-scatter slit was 
used at diffraction angles <12° 2θ.  The diffracted beam optics consisted of a 
programmable diffracted beam anti-scatter slit, a 0.04 radian Soller slit, and a 




was scanned from 2.1 to 80° 2θ at 0.03° steps with 60 sec measurement time per step. 
The data were analyzed with the X’Pert High Score Plus software package (PANalytical, 
Almelo, The Netherlands) and were converted to a fixed 1° divergence slit prior to phase 
analysis and plotting. ClayStrat (Hongji Yuan and David Bish, personal communication) 
was used for modeling mixed layering in the diffraction patterns. 
2.5 Statistical Analysis 
Descriptive analysis (single factor ANOVA) was used to compare the statistical 
differences in values obtained from the laboratory sample analysis. Statistical comparison 
was carried out at α=0.05 probability. Where analysis of variance (ANOVA) returned a 
significant F-value for any of the analyzed parameters, and Tukey’s group comparison 
was run to establish differences between groups. The Tukey’s results can be found in 
Appendix D. Regression analysis was also run to establish the relationship between bulk 
density and soil organic matter content. Similarly, correlation coefficients of soil 
chemical properties were calculated to establish relationship between them. 
2.6 Digital soil class map 
2.6.1 Environmental variables 
In the Uasin Gishu Plateau, of the five soil forming factors, only topography is 
considered to be the main factor contributing to variations in soils. Therefore, climate, 
parent material, organisms, and time were considered constant. As a result of differences 
in landscape positions, auger borings were made on different physiographic positions on 





In this project, a 90 m Digital Elevation Model (DEM) downloaded from the World 
Resources Institute, Kenya GIS website (World Resources Institute, 2014) was used to 
generate terrain attributes such as geomorphons (Fig. 2.4 A), percent slope (Fig. 2.4 B), 
topographic wetness index (TWI) (Fig. 2.4 C), and altitude above channel network (Fig. 
2.4 D). The downloaded DEM was first processed in Soil Inference Engine of ArcMap 
(ArcSIE) version 10.1.001 (Shi, 2014), an add-on package of ArcMap, under terrain 
analysis with default settings to fill pits and determine flow directions. The pits filling 
eliminates the lowest points in a depression and establishes continuous flow.  The filled 
DEM was brought into GRASS GIS version 7.0.svn (GRASS Development Team, 1998-
2014) in order to use the geomorphons algorithm. A look up radius of 3, 5, 10, 20, 40, 
and 90 cells was run to determine which radius best captured changes of the landscape 
from a horizon perspective. It was determined that a look up radius of 40 cells best 
captured the landscape variability, so the geomorphon map calculated with this look up 
distance was used for further processing. Consequently, 10 common geomorphons were 
generated that include flat, summit, ridge, shoulder, spur, slope, hollow, valley, footslope, 
and depression. Since each cell is 90 m in length, the search radiuses therefore, are 0.27, 
0.45, 0.9, 1.8, 3.6, and 8.1 kilometers respectively.  These 10 geomorphons were further 
reclassed into 6 broad groups (Table 2.2).  Geomorphons were developed by Jasiewicz 
and Stepinski (2013) and are used to recognize landforms patterns in order to account for 
the correlation between landscape position and soil and create a land pattern. 




under terrain analysis with default settings. Altitude above channel network was 
calculated in SAGA GIS version 2.1.1. (SAGA User Group Association, 2014). The high 
and low flats were determined by a value of <28 m for low flats and >28 m for high flats 
with altitude above channel network as the input. This value was determined through 
visual inspection. The reclassed gormophons were combined with five gradients of slope 
and altitude above channel network to produce a total of 12 classes (Table 2.3). The final 
soil class map was created in GRASS GIS version 7.0.svn by incorporating geomorphons, 
percent slope, and altitude above channel network.  
 
Table 2.2 Reclassed geomorphons 
Class Reclassed geomorphons 
1 Flat 
2 Summit + Ridge 
3 Shoulder 
4 Slope + Spur + Valley (>5%) + Hollow (>5%) 
5 Footslope Valley (<5%) + Hollow (<5%) 
6 Depression 
 
Table 2.3 Landforms and classes used to produce soil class map 
Class form 
1 Flat with altitude above channel network < 28m 
2 Flat with altitude above channel network > 28m 
3 Summit and ridge 
4 Shoulder 
5 1 ≤ 3% Slope  
6 3 ≤ 8% Slope 
7 8 ≤ 15% Slope 
8 15 ≤ 25% Slope 
9 >25% Slope 
10 Footslope 
11 Depression on lowland 





       
       
Figure 2.4 Environmental variables: A- Geomorphons, B- slope (%), C- Topographic 
wetness index, and D- altitude above channel network. 








CHAPTER 3.  RESULTS AND DISCUSSION 
3.1 Profile descriptions 
The Uasin Gishu Plateau is mainly dominated by Ferralsols (Petroferric Eutrudox) 
on the plains with Nitisols (Humic Eutrudox) on the highlands (Obura, 2008).  
Photographs of the five profiles described and sampled from pits are given in Fig. 3.1. 
The detailed field descriptions are provided in Appendix A for reference. Solum depths 
ranged from 80 to > 150 cm. A petroferric contact occurred at 82 cm in pedon KN14 and 
although it is a limiting layer for root growth, it is deep enough that it does not adversely 
impact crop growth. Pedons KN13 through KN16 were well drained, while pedon KN12, 
which occurs in a depressional  landscape position, was poorly drained. This pedon was 
the most difficult to dig because of the stickeness and the high clay content. The soil 
surface colors varied, with KN12 exhibiting a hue of 7.5 YR, while KN13 and KN16 had 
hues of 5YR and KN14 and KN15 had hues of 2.5 YR. Chromas <2 were observed only 
in KN12,  while chromas as high as 6 were observed in KN13, KN14, and KN15. 
Munsell values ranged between 3 and 5 in all the pedons. Roots were present well into 
subsurface horizons in all pedons. Soil structure ranged from granular to weak subangular 




































3.2 Soil Physical Properties 
3.2.1 Particle size distribution 
All the sites had clayey textures (Table 3.1). As expected, clay content increased 
with depth in all the sample sites. This could most likely be due to (a) erosion of clay by 
wind or water in the surface horizon; or (b) high amounts of organic matter in the surface 
that might have caused rapid settling of clay through coagulation leading to 
underestimation of clay in the surface horizons (Obura, 2008). There were no clayskins 
observed in the pedons and so illuviation from surface horizons is unlikely the reason for 
differences in clay content between surface and subsurface horizons. Therefore, either 
underestimation of clay content or erosion of clay from the surface horizons is the likely 
explanation for the apparent clay increase in the subsurface horizons. Pedon KN12 had 
the highest clay content up to 86% in the upper B horizon (Table 3.1). This profile is a 
Gleysol in a depression. The statistical analysis (Tukey’s comparison test) showed that 
KN12 and KN15, with mean clay contents of 73 and 70% respectively, were not 
significantly different from each other with respect to clay content but they were 
significantly different from the other 3 sites. Since the clay content is >45% in all 
horizons for all sites, all but one horizon falls in the clay textural class according to 
USDA soil textural classification. The A horizon of KN16, however, had 47% silt (Fig. 
3.2) and therefore, is a silty clay texture. In contrast to laboratory analysis, texture 
determination in the field by feel during sampling suggested loams in surface horizons 
and loams, heavy loams, clay loams, and clays in subsurface horizons. Poor drainage in 
KN12 is a limiting factor for intensive agricultural production and this soil would benefit 




pedons, soil structure in these pedons enables good drainage. Therefore, particle size 
proportions play a significant role in agricultural production. 
The proportion of different particle sizes, the soil texture, is important in 
determining the buffering capacity of a given soil (Fageria & Baligar, 2008) as well as a 
controlling factor for stabilization of soil organic matter. Carbon and nitrogen content 
increases as soil clay content increases due to greater reactive surface area (Gentile, et al., 
2013). Soil texture and mineralogy are used as the main criteria at the family level in Soil 
Taxonomy as significant aspects that control soil properties (Fox, 1982).  
3.2.2 Bulk density
Bulk densities ranged from 1.1 to 1.45 g/cm3 (Table 3.1). The surface horizons 
tended to have the lowest bulk density values probably due to higher levels of organic 
matter and porosity of the surface soils. However, the regression analysis expressing the 
relationship between bulk density and organic matter content was poor except in pedon 
KN12 and KN15 (Table 3.2). This suggests that other soil properties played a significant 
role in bulk density determination. Therefore, differences in proportions of organic and 
inorganic particles and other soil physical and chemical characteristics are responsible for 









Figure 3.2 Ternary plot of textural composition of the 5 pedons by pipette method and a 




























































(g cm-3 ) 
KN12A  0-10 11 55 31 C 1.34 
KN12B 10-27 10 57 31 C 1.41 
KN12C 27-42 5 86 10 C 1.45 
KN12D 42-70 5 85 12 C 1.48 
KN12E 70-105 5 80 13 C - 
KN12F 105-110+ 5 76 20 C - 
       KN13A 0-20 16 55 28 C 1.36 
KN13B 20-33 16 57 23 C 1.51 
KN13C 33-60 11 67 24 C 1.47 
KN13D 60-96 9 64 23 C 1.43 
KN13E 96-124 20 57 24 C   - 
KN13F 124-140+ 32 49 20 C   - 
       KN14A 0-12 24 45 29 C 1.28 
KN14B 12-25 14 56 27 C 1.25 
KN14C 25-45 19 57 24 C 1.42 
KN14D 45-62 17 63 18 C 1.42 
KN14E 62-82+ 24 57 17 C   - 
       KN15A 0-15 8 67 24 C 1.18 
KN15B 15-22 8 72 19 C 1.20 
KN15C 22-50 6 74 17 C 1.39 
KN15D 50-79 4 74 20 C 1.35 
KN15E 79-109 4 69 24 C 1.32 
KN15F 109-139+ 5 70 22 C   - 
       KN16A 0-20 5 48 47 SiC 1.22 
KN16B 20-40 3 66 30 C 1.29 
KN16C 40-64 4 61 31 C 1.37 
KN16D 64-92 5 58 33 C 1.23 
KN16E 92-120+ 23 47 29 C 1.32 
 
Table 3.2 Regression analysis showing relationship between bulk density and O.M 
Pedon R2 Standard error 
KN12 0.951 0.016 
KN13 0.035 0.079 
KN14 0.465 0.078 
KN15 0.785 0.049 




3.3 Soil Chemical Properties 
The commercial laboratory that analyzed the samples uses the Mehlich III 
extracting solution to analyze for P, K, Mg, and Ca. They then use a regression equation 
valid for the soils they normally analyze to regress the Mehlich III extractable K, Mg, and 
Ca values to an NH4-acetate extractable basis. Since there is no validated regression 
equation for our study area, the values are reported as Mehlich III extractable bases. The 
values are lower than when 1N NH4-acetate is used as an extractant because Mehlich III 

































(%) K Mg Ca Al 
 
KN12A  0-10  5.3 5 5.4 0.9 3.8 14.2 0.2 19.6 99 
KN12B 10-27 5.3 3 4.9 0.6 3.6 15.4 0.1 20.2 99 
KN12C 27-42  6.2 1 4.1 0.9 5.3 24.2 0.0 30.9 100 
KN12D 42-70  6.8 1 3.7 0.9 5.0 25.2 0.0 31.6 100 
KN12E 70-105  7.0 1 3.2 1.0 5.6 27.7 0.0 34.9 100 
KN12F 105-110+  7.1 1 2.3 1.2 5.1 24.5 0.0 31.4 100 
  
         
 
KN13A 0-20 5.8 12 5.3 1.6 1.5 3.7 0.1 7.4 99 
KN13B 20-33 5.2 12 5.0 1.5 1.6 4.5 0.1 8.2 99 
KN13C 33-60 5.4 1 4.3 1.1 1.6 2.9 0.0 6.1 99 
KN13D 60-96  5.4 1 3.7 0.8 1.9 4.5 0.0 7.7 100 
  
         
 
KN14A 0-12  5.4 1 7.1 1.0 2.3 4.2 0.0 8.0 100 
KN14B 12-25  5.1 1 4.9 0.9 2.2 5.2 0.3 9.1 96 
KN14C 25-45  5.0 1 4.2 0.6 1.5 4.4 0.5 7.5 94 
KN14D 45-62  5.2 1 3.8 0.6 1.2 3.1 0.9 6.3 86 
KN14E 62-82+  5.3 1 3.7 0.5 1.1 2.7 0.9 5.8 84 
  
         
 
KN15A 0-15  5.1 2 7.7 1.1 1.7 6.5 0.1 9.9 99 
KN15B 15-22  5.5 1 6.4 1.1 1.5 5.4 0.2 8.6 98 
KN15C 22-50  5.4 1 4.8 1.0 1.0 2.7 0.5 5.7 91 
KN15D 50-79  5.3 1 4.5 0.5 0.6 2.0 1.3 5.0 74 
KN15E 79-109  5.0 1 4.2 0.4 0.6 3.4 1.4 6.2 77 
KN15F 109-139+  5.0 1 3.6 0.4 0.6 1.6 1.0 4.1 75 
  
         
 
KN16A 0-20  5.5 48 8.4 1.5 1.6 9.7 0.0 13.3 100 
KN16B 20-40  4.6 2 7.2 0.6 0.5 2.0 3.8 7.5 49 
KN16C 40-64  4.7 2 6.6 0.6 0.4 4.9 3.6 10.1 64 
KN16D 64-92  4.8 4 5.7 0.8 0.4 1.7 3.2 6.7 52 
KN16E 92-120+  5.1 5 4.9 0.9 0.2 3.7 3.3 8.6 62 
*1Bicarbonate extractable P 
*2 ECEC was calculated by summing K, Ca, Mg, Al, and Na. Sodium was estimated at 
0.5 cmolckg-1 in all samples  




3.3.1 Base Saturation 
Base saturation was found to be low only in KN16 subsurface soil while the rest 
of the horizons in the other pedons had at least 74% (Table 3.3). There was a statistically 
significant difference between the pedons (F(4,21) = 8.278, p= 0.000) (Fig. 3.3). A Tukey 
post-hoc test showed that base saturation was significantly lower in KN16 (65 ± 20.3 %) 
compared to the rest of the pedons KN12 (99 ± 0.5 %), KN13 (99 ± 0.5 %), KN14 (92 ± 
6.8 %), and KN15 (85 ± 11.7 %).  The high base saturation (99 to 100%) in KN12could 
be because of the accumulation of basic cations given the physiographic position of 
KN12 in the landscape (low spot).  The base saturation in KN14, KN15 and KN16 were 
found to decrease with depth while in KN12 and KN13 increased with depth (Table 3.3). 
The base saturation values are higher than they should be because the Mehlich III 
extraction procedure might not have extracted as much of the exchangeable cations as the 
1N ammonium acetate extraction would have although this could be a modest difference. 
The lowest percent base saturation (49%) was found in the AB horizon (20-40 cm depth) 
of KN16 soil probably because most the nutrients (Mg, Ca) had been leached, lost 
through soil erosion, or taken up by crops and removed by harvest. This is less than 50 to 
60% and 60 to 70% threshold necessary growth for cereals and legumes respectively 
(Moreira and Fageria, 2009). Base saturation was found to have a positive correlation 
with Ca, Mg, cation exchange capacity, and pH and negative correlation with Al (Table 
3.4). For any sustainable cropping systems to be carried out in these tropical soils 
(Oxisols), the use of continual liming to help reduce acidity and other chemical fertilizers 




Table 3.4 Correlation coefficients (R) 
Soil 
prop. pH SOM P K Ca Mg Al CEC 
pH - 
       SOM -0.4911 - 
      P -0.0137 0.4967 - 
     K 0.3748 0.3060 0.5497 - 
    Ca 0.8584 -0.3499 -0.0081 0.2035 - 
   Mg 0.8512 -0.3827 -0.0924 0.2512 0.9525 - 
  Al -0.7042 0.1492 -0.1604 -0.4175 -0.3607 -0.6024 - 
 CEC 0.7353 -0.2167 0.0360 0.2353 0.9648 0.9467 -0.3774 - 
B.S 0.9673 -0.4264 0.0395 0.3784 0.8677 0.8760 -0.7367 0.7767 
 
 
   
  







                                  






3.3.2 Organic matter 
The organic matter contents were found to be generally highest in the surface 
horizons in all the pedons as expected (Table 3.5). The ANOVA analysis indicated 
statistical mean differences between the sampled sites. Tukey’s multiple comparison tests 
showed that organic matter content in KN12 is significantly different than in KN16 
(p=0.022). In all the sites, the organic matter content decreased with increased soil depth 
(Table 3.3). The average organic matter content of KN12 was 3.9% while that of KN16 
was 6.6%. The rate of organic matter addition into the soil is different between these two 
sites because KN12 being in a wet, poorly drained depression, had less grass growing on 
it and was used for grazing while KN16 is a well-drained area with surface soil 
completely covered by dense grass and had sheep grazing on it. The rest of the sites-
KN13, KN14, and KN15-with mean organic matter contents of 4.9%, 4.7%, and 5.2 % 
respectively, showed no statistical difference amongst them and other sites (Fig. 3.3). 
 The highest carbon stock per cubic meter of soil was found in KN16 followed by 
KN15 while the lowest was in KN12 (Table 3.5). One of the probable reasons of high 
organic carbon in KN15 and KN16 is due to the lower temperatures at this higher altitude 
sites (2,430 and 2,750 m respectively) compared to the other sample sites (2,275 m in 
KN12; 2,235 m in KN13; and 2,228 m in KN14) and therefore, the rate of mineralization 
is slower. The pH of this site is low, suggesting low microbial activity. These two pedons 
also had good drainage and therefore dry up quickly, reducing mineralization rate.  KN12 
has the lowest organic carbon levels, probably because of low litter addition rate, optimal 





Table 3.5 Conversion of soil organic matter values to soil carbon stock to a depth of 1 m-3 
Sample 
ID Depth (cm) 
Bulk 
density 
(g cm-3 ) 
O.M          
(g kg-
1) 
O.C          
(g kg-1) 
O.C stock 
(kg)   
O.C stock 
(kg m-3) 
KN12A  0-10  1.34 55 27.5 3.7 
 KN12B 10-27 1.41 50 25.0 2.5 
 KN12C 27-42  1.45 42 21.0 4.6 
 KN12D 42-70  1.48 38 18.9 7.8 
 KN12E 70-105  1.48 33 16.3 7.3 25.8 
KN12F 105-110+         - 23 11.7 - 
        KN13A 0-20 1.36 54 27.0 7.3 
 KN13B 20-33 1.51 51 25.5 5.0 
 KN13C 33-60 1.47 44 21.9 8.7 
 KN13D 60-96  1.43 38 18.9 10.8 31.8 
  
  - 
    KN14A 0-12  1.28 72 36.2 5.6 
 KN14B 12-25  1.25 50 25.0 4.1 
 KN14C 25-45  1.42 43 21.4 6.1 
 KN14D 45-62  1.42 39 19.4 4.7 
 KN14E 62-82+  1.42 38 18.9 10.2 30.6 
       KN15A 0-15  1.18 79 39.3 7.0 
 KN15B 15-22  1.20 65 32.6 2.8 
 KN15C 22-50  1.39 49 24.5 9.5 
 KN15D 50-79  1.35 46 23.0 9.0 
 KN15E 79-109  1.32 43 21.4 5.9 34.2 
KN15F 109-139+    - 37 18.4 
         KN16A 0-20  1.22 86 42.8 10.4 
 KN16B 20-40  1.29 73 36.7 9.5 
 KN16C 40-64  1.37 67 33.7 9.2 
 KN16D 64-92  1.23 58 29.1 10.0 
 KN16E 92-120+  1.32 50 25.0 2.6 41.8 
O.M = organic matter; O.C= organic carbon (O.M/2); O.C stock is summation of organic 
carbon to a depth of 1 m. 
 
Organic matter, is an important aspect of any soil. It is mineralized faster in 
tropics compared to other regions (Davies, 1997).  Given that the soils of Uasin Gishu 




leaching. This makes the role of organic matter in nutrient retention and general soil 
health significantly more important (Neufeldt et al., 1999).  
 Soil organic matter also plays an important role in improving soil structure and 
enhances the ability of the soil to retain exchangeable cations (K+, Mg+2, Ca+2), as well as 
reducing P fixation (Fageria & Baligar, 2003). With limited fertilizer application in this 
region, the high level of organic matter is important in soil fertility.  
3.3.3 Potassium (K), Magnesium (Mg), and Calcium (Ca) 
The exchangeable cation Ca was generally low to moderate while Mg was 
moderate in all the pedons (Table 3.3), with the exception of KN12.However, subsurface 
horizons of KN15 and KN16 had low Mg levels. The ANOVA analysis showed a 
significant variation in the mean levels of Mg and Ca, whereas K mean levels were not 
significantly different (Fig. 3.4). No further statistical tests were done for K (p=0.17) 
because there were no statistical mean differences between the sites shown by ANOVA. 
The levels of K ranged from 0.4 cmolckg-1 in KN15 to 1.6 cmolckg-1 in KN13 (Table 3.3), 
and were highest in the topsoil and subsequently decreased with depth. The levels of K 
were moderate to high in all the sampled sites possibly because of the presence of mica, 
which is a major source of K for plants and because these soils lack vermiculites that 
could otherwise fix K.  Farmers in this region hardly apply K fertilizer to their fields, and 
most of these fields are either under corn production or uncontrolled grazing. Potassium 
distribution and availability for plants in soil is determined by clay mineralogy, rates at 
which chemical K fertilizer is applied, wetting and drying cycles, and organic matter 
levels in the soil (Goli-Kalanpa et al., 2008). Being a macro-element, K plays an 




As shown by Tukey’s all-possible pairwise comparison, Mg and Ca were 
significantly higher in KN12 (Fig. 3.4) than the rest of the sites, which showed no mean 
differences amongst each other. Magnesium ranged from 0.2 cmolckg-1 in KN16 to 5.60 
cmolckg-1 in KN12, while Ca ranged from 1.6 cmolckg-1 in KN15 to 27.7 cmolckg-1 in 
KN12 (Table 3.3). One possible explanation is that the smectite, present in KN12has a  
low-layer charger of 0.2 to 0.6 per formula unit (Goli-Kalanpa et al., 2008), have a higher 
ability to retain Mg+2 and Ca+2. Smectites do not fix K. Site KN12, had increasing levels 
of Mg and Ca down the soil profile as opposed to the other sites that had decreasing 
levels of Mg and Ca (Table 3.3).  The relatively high levels of Ca and Mg in the topsoil 
compared to the subsoil in KN14, KN15and KN16 are probably due to fertilizer 
application or/and recycling by plants.  
With little to no fertilizer application, harvesting plays a key role in removal of 
nutrients (in this case Mg and Ca) from the soil. This is clearly shown in KN13, KN14, 
KN15, and KN16, which had very low levels of Ca. The above 3 locations had high 
levels of kaolinites which makes nutrient retention capacity significantly lower compared 
to the smectitic soil (KN12). The physiographic location may also play an important role 
in determining K, Mg, and Ca contents in the soil where low-lying areas will accumulate 
these cations through the processes of transport and redeposition as well as leaching from 
adjacent higher landscape positions. While Mg levels of all the sampled soils were found 
to be medium to high except in KN16 where it is deficient (low to very low), Ca was 
found to be deficient in all sites (very low) except in subsoil of KN12 (high to very high) 




Hazelton and Murphy (2007) was used to determine low, medium, and high levels of the 
exchangeable cations (Table 3.6). These two cations are critical for crop nutrition. 
 
           Table 3.6 criteria for levels of exchangeable cations (cmol(+)kg-1) 
Level Sodium Potassium Calcium Magnesium 
Very Low <0.1 <0.2 <2 <0.3 
Low 0.1-0.3 0.2-0.3 2-5 0.3-1.0 
Moderate 0.3-0.7 0.3-0.7 5-10 1-3 
High 0.7-2.0 0.7-2.0 10-20 3-8 
Very High >2 >2 >20 >8 
 
3.3.4 Effective Cation Exchange Capacity (ECEC) 
Tropical soils are usually associated with low ECEC because of the dominance of 
minerals with low cation exchange capacity and therefore, require special management to 
increase their productivity. The ECEC was mostly low in all the pedons with the 
exception of KN12. KN12 had significantly higher levels of ECEC than KN13, KN14, 
KN15, and KN16 (Fig. 3.3). This could mainly be because of the clay mineralogy 
differences. Interstratified kaolinite-smectite, which is dominant in KN12, has a higher 
ECEC than the discrete kaolinite that is dominant in KN13, KN14, KN15, and KN16 
(Table 3.6). Apart from KN15 and KN16, the other three pedons had the highest CEC 
levels in subsurface horizons (Table 3.3). The high levels of ECEC in the surface horizon 
in KN16 could be as result recycling of nutrients on the surface. High soil fertility is 
associated with high ECEC. The ECEC is also an indicator of the clay mineralogy of the 
soil. 
The charges on the soil surfaces originate from isomorphic substitution and 




and Tombacz, 2002). Kaolinite, rich in this soils, has a low cation exchange capacity and 
that organic matter is mainly responsible for cation retention (Davies, 1997). When 
ECEC is calculated by summation of both basic and acidic cations, it possible to 
overestimate the amount of ECEC for several reasons; (i) sampled soils do not leach, (ii) 
some exchangeable cations might be in the soil solution and not adsorbed, and (iii) some 
cations might be held by anions in the soil solution (da Fonseca et al., 2005). The low 
level of ECEC in these pedons suggests that these soils are highly weathered and that 
fertilizers, especially mobile nutrients, should be applied in a way that they can be held 
sufficiently long for proper absorption by the crops. Soil and water conservation 
measures as well as organic matter or manure addition into the soil are some of the ways 
these nutrients can be retained. 
3.3.5 Phosphorus 
Extractable P levels were highest in the surface horizons of all 5 soils (Table 3.3). 
This could be due to; (1) cycling of P by plants, (2) silica (Si) cycling at the soil surface 
that reacts with weathering products that could otherwise precipitate or adsorb P in the 
absence of Si,  (3) periodic drying of the surface soil which reduces reactivity of 
amorphous gel materials, and (4) organic anions blocking  P sorption, therefore making 
more P available in the solution (Fox, 1982). Since the ANOVA analysis returned no 
significant differences in P levels between the sampled sites (p=0.26), Tukey’s multiple 
comparison tests were not run. Apart from KN16, which had 48 mg kg-1 P in the surface 
horizons, all other surface and subsurface horizons had very low values in all of the sites. 
Clay soils have high capacity to sorb phosphate (Goedert, 1983) due to fixation by Fe- 




solution. Phosphorus is one of the essential macronutrients for plants and its inadequacy 
in soil can be a limiting factor for maximizing crop yields. Generally, optimum levels are 
between 25–35 mg kg-1 depending on the crop grown. In these old tropical soils, P is 
often fixed by aluminum and becomes unavailable for plants uptake. Phosphorus loss 
through soil erosion further increases the need for fertilizer use. 
Tropical soils are generally associated with low levels of P and its deficiency is 
among the most limiting factors for crop growth (Fageria et al., 2013). Phosphorus is a 
non-mobile element and is generally fixed and usually less of it is removed during 
harvesting and as it is not a component of chlorophyll (Tully et al., 2013). A large portion 
of the soil phosphorus is either temporary held by microorganisms, precipitated by the 
soil cations, or adsorbed on the clay (Fageria, et al., 2013) 
3.3.6 Exchangeable Al and Soil pH 
Extractable Al was negatively correlated to Ca, Mg, ECEC, and pH, as expected (Table 
3.3). KN12 with high levels of basic cations had low levels of exchangeable Al, while 
KN14, KN15, and particularly KN16 showed high concentrations of exchangeable Al in 
subsurface horizons (Table 3.3; Fig. 3.4). The explanation for this is that as soils pH 
decreases, more hydrolysis of aluminum occurs and Al becomes the dominant 
exchangeable cation. This is because after heavy rainfall, the other exchangeable basic 
cations (Ca2+, Mg2+, and K+) are leached and are replaced by H+, resulting in low soil pH. 
When the pH is low, Al3+ becomes more soluble and replaces H+ thereby raising the 
concentration of Al3+ in the soil (Davies, 1997). At a lower pH, clay minerals will also 
start to decompose to release Al (Davies, 1997).  Tropical soils become acidic through 




equations below summarize the process through which hydrogen (H+) ions are released 
into the soil (Fageria and Baligar, 2008). 
Al3+ + H2O  Al(OH)2+ +3H+          (pH<4.7)* 
Al3+ + 2H2O  Al(OH)+2 + 2H+       (pH 4.7 – 6.5)* 
Al3+ + 3H2O  Al(OH)03 +3H+        (6.5 -8.0)* 
Al3+ + 4H2O  Al(OH)-4 +4H+         (above 8.0)* 
*Shows the pH at which each particular Al3+ species is predominant. 
Aluminum toxicity in the soil adversely affects crop production by limiting root growth,  
with toxicity becoming more severe during seasons when the rainfall is inadequate and 
not well distributed (Alleoni et al., 2010), hence reducing the ability of the plant to absorb 
water and nutrients. Liming is the most common method of reducing soil acidity. 
However, organic matter in the soil plays an important role in chelating soluble Al 
(Alleoni et al., 2010), thereby providing a natural buffer for the crops against acidity by 
Al. 
3.4 X-ray Diffraction 
No primary minerals were identified in the clay fraction but various secondary minerals 
were present. Table 3.7 summarized the x-ray diffraction results. 
 




cm) Horizon Dominant clay mineral(s) in the soil 
KN12 27-42 2Bgss1 
Interstratified kaolinite-smectite, mica, kaolinite, 
goethite, and sylvite 
KN13 33-55 Bo1 Mica, kaolinite, goethite, and rutile 
KN15 22-50 Bt1 Mica, kaolinite, goethite, and rutile 




The mineral composition of samples KN13C (Fig. 3.5) and KN15C (Fig. 3.6) is 
almost identical and they will be discussed together. Kaolinite is the predominant mineral 
and is identified by peaks at 7.24Å and 3.57Å that do not change with ion saturation or 
ethylene glycol solvation and that persist in the K saturated pattern up to 300° C, but 
disappear after heating to 550° C. The asymmetric peak at 4.45Å, which is due to 
prismatic reflections from both 2:1 and 1:1 phyllosilicates, is primarily due to kaolinite as 
well, since it disappears after heating to 550° C. The fact that 4.45Å peak is present in 
this oriented clay preparations suggests dehydrated halloysitic, rather than kaolinite, but 
this peak could arise if the kaolinite particles are small enough that they do not orient 
parallel to the surface of the ceramic mounting disks. This may well be the case because 
the clay specimens were flocculated when they were sedimented onto the slides under 
suction.  Obura (2008) noted the same effect, but there was no other clear evidence for 
halloysite. Halloysite, belongs to the kaolin group minerals and is often found in tropical 
soils that have undergone intense weathering. It is the only mineral in the kaolin group 
that is naturally hydrated to give peaks at 10.0Å due to absorption of water in the 
interlamellar space, but is unstable when air dried and quickly losses the interlayer water 
unless the sample is stored under low temperature humid conditions (Obura, 2008). Since 
our samples were air dried, any halloysite should have dehydrated and collapsed to 7.2Å.. 
In the absence of clear evidence for halloysite, the 7.24Å / 3.57Å peaks will be 
interpreted as kaolinite. 
Mica is identified by peaks at 10.0Å, 5.0Å and 3.34Å that like kaolinites, do not 
change with ion saturation or ethylene glycol solvation.  Unlike kaolinite, however, the 




all the clay samples. It is rare to obeserve X-ray diffraction peak patterns of clay micas as 
strong and sharp as those shown by reference mica mainly because of: (a) smaller particle 
size, (b) defective stacking of crystallites, and (c) interstratification with other minerals 
(Thompson and Ukrainczyk, 2002). In addition, the amount of the mineral also affects the 
intensity of the peaks i.e. higher amounts of minerals will have higher intensity peaks. 
These are probably the reasons why the  peaks at 10.0Å (001) and 5.00Å (002) had low 
intensity and a relatively higher intensity peaks of  3.34 Å that persisted even after the 
sample was heated to 550 °C.  
Goethite and  rutile were also identified in clay fractions of KN13 (fig. 3.5) and 
KN15, (Fig.3.6). Presence of goethite is indicated by the peak at 4.15Å in the Mg-
ethylene glycol, 25 °C K-saturation and weakens at 100 °C but completely disappears at 
300 °C.  
Rutile, TiO2, is identified by a peak at 3.24Å that does not change with ion 
saturation or ethylene glycol solvation and that persists in the K saturated pattern up to 
550° C. Rutile can be found in all major rock groups. Corundum artifact (Al2O3) is 
identified by a  peak 3.47Å. Corundum is present in the porous disk. In summary, 
Kaolinite is the dominant clay mineral in these two profiles, while mica, goethite, and 





















Figure 3.5 X-ray diffraction patterns of <2µm fraction from the Bo1 (33-55cm) of 
KN13C. Mg EG indicates Mg2+ saturation and ethylene glycerol solvation. K 22, K 100, 
K300, and K 550 indicates K+ saturation and 22° C (room temperature) or 2 hour heating  






















Figure 3.6 X-ray diffraction patterns of <2µm fraction from the Bt1 (22-50cm) of KN15.  
 
 
Sample KN12C has a weak, broad peak at 19.1Å in only the Mg – ethylene glycol 
solvated pattern which seems to disappear in the K saturated pattern (fig. 3.7). This 
indicates the presence of interstratified kaolinite-smectite.  This conclusion is also 
consistent with the physical characteristics of this soil (ability to form a long ribbon, 
shrink-swell characteristic, and physiographic position). The poorly crystalline structure 
of smectites as a result of weathering causes the peaks to be broader and less defined 
(Reid-Soukup and Ulery, 2002). As noted by Reid-Soukup and Ulery (20020, smectites 
commonly interstratify with other minerals and therefore results in basal spacing that is a 
combination of the minerals involved.  
Sylvite (KCl) was also identified by a peak at 3.15Å in K saturated patterns at K 




Mg-ethylene glycol solvated pattern. This is a highly soluble mineral and its presence in 
these soils is as result inadequate washing of the K ions from the samples during sample 
preparation. The other minerals present in KN12 include kaolinite and mica and they 
were identified as described above.  
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Figure 3.7 X-ray diffraction patterns of <2µm fraction from the 2Bgss1 (27-42cm) of site 
KN12C.  
 
The weak peak at 14.1 Å in sample KN16B, which is most noticeable in the K-
saturated samples at K 22 and K100° C but disappears upon heating the sample at 300 °C, 
suggests the presence of hydroxy-interlayered vermiculite.  Verimiculites  are 
differentiated from chlorite in that, unlike chlorite which maintains a 14Å basal spacing 




when saturated with potassium (Malla, 2002). Kaolonite, mica, and sylvite are also 
present and are previously discussed. 
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3.5 Soil Map Units 
The predicted soil class map had 11 different classes (as shown in fig. 3.15) 
depending on physiographic position of soil. These classes came about as a result of 
combination of covariates such as geomorphology, slope, wetness index, and altitude 
above channel network. The soil class distribution map followed variability of 
topography across the plateau. The Uasin Gishu Plateau study area has the same parent 
material throughout and there is no great differences in climate within the study area. 
Therefore, geology and climate were not considered as a factor that contributes to the 
variation of soils. This soil class map captures variations in soils as the topography 
changes better than the maps presently in use in the study area. The soils on the flat areas, 
footslopes and slopes were brightly colored, an indication of a good drainage, while those 
on the depressions appear dark grey suggesting drainage problem. 
Depending on the information gathered from the transect data, and aerial 
photographs such as Landsat images, and world imagery (from Esri) together with 
knowledge of the study area, the predicted 11 different classes ( Fig. 3.9) were grouped 
into 5 broad soil classes (Fig. 3.10).  
The first soil class on flat areas (<1% slope) corresponds to mostly Ferralsols and 
some pockets of Gleysols. The highly weathered and leached nature of Ferralsols 
contributes to its low CEC which is generally accepted as a rudimentary measure of soil 
fertility. Much of the agricultural production occurs on these flat areas. Organic and 
inorganic fertilizers are required to increase production. The Gleysols occur in 
depressions within the flat areas. They are temporarily saturated with water during rainy 




grass surrounded by bright red Ferralsols where grasses have been severely grazed. These 
Gleysols covered areas offer alternative grazing pastures during droughts because of their 
better fertility status. These Gleysols are poorly drained and often very sticky in nature 
due to the presence of smectite. 
The second soil class is soils on summits, shoulders and slopes with gradients 
from 1 to ≤ 3%. This class contains Ferralsols that occur on gentle relief with the depth to 
the ferralic horizon (Petroferric horizon in Soil Taxonomy) differing depending on the 
amount of soil lost to erosion. Although these soils have good drainage, they are often 
poor in fertility as indicated by their low CEC. Specifically, phosphorus and nitrogen are 
the two commonly deficient nutrients (Gachene and Kimaru, 2003).  Ferralsols therefore, 
require the use of inorganic fertilizers and maintenance of soil organic matter to enhance 
soil fertility.   
The third class corresponds to Ferralsols and Regosols on slopes from 3 to ≤ 8% 
gradient. Regosols and Ferralsols on these slopes have varying soil depths and those that 
are shallow to bedrock are usually non-productive and mainly used for grazing, while 
some agriculture is practiced on the relatively deep Ferralsols. In the areas with no soil 
conservation measures, soil erosion is likely to be a problem on these steep slopes. 
The fourth class is soils on slopes >8%. These soils corresponds to Regosols that 
are rocky, shallow soils that differ in depth depending on slope. In some cases, there is no 
mineral soil on the exposed rocky surface. The phonolite bedrock, however, is used in the 
manufacture of ballast for road construction. These soils have no diagnostic horizons and 
little profile development. The lack of profile development is largely due to their inability 




soils are used mostly for grazing with bushes and other hardy trees dominating the 
vegetation cover. 
The last soil class is Fluvisols, Ferralsols, and Gleysols generally found on 
wetlands, footslopes, and depressions. The Gleysols need special management like use of 
drainage to enhance crop growth. Because of their position on the landscape, these soils 
(Fluvisols, Ferralsols, and Gleysols) have higher potential for crop production in the area. 
This evidence is supported by the farming patterns that tend to increase channel networks. 
Fluvisols are found on the flat areas that are periodically flooded by river water or by 
rising groundwater during rainy seasons. These soils derive their parent material from 
continual river deposition usually shown by its stratified profile. Fluvisols soils are rich in 
nutrients but may require drainage to remove the excess water. Like the Gleysols, 
Fluvisols are used for grazing in the dry season. 
 Soil property fuzzy maps were not generated because only three sampled pits 
(KN12, KN13, and KN14) are within the plateau, and therefore, there was not enough 
data to validate the map. It is possible that errors are made in spatial prediction of soil 
class because at a 90 m resolution. It is recommended that a random sampling of soil be 
done to provide a basis for unbiased validation of the generated maps. Therefore, the map 
presented in Fig. 3.10 should be considered a first generation map on which future 
research and projects can be built.  
 
 
    




















   
CHAPTER 4. CONCLUSIONS 
As observed from the soil properties and soil classes, topography plays an 
important role in determining the general characteristics of soil. Of the primary elements 
analyzed, potassium levels were high while calcium and magnesium ranged from low to 
moderate for crop production. Soil pH was found to be low (<5.4) in all sampled sites, 
well below the optimum range for cereal (dominant crop in the county) production. 
Therefore, adequate liming (preferably dolomitic lime) is necessary for improved 
agricultural production. All sites had clay texture with clay content increasing down the 
horizons in all of them. KN12, however, had the highest clay content in subsoil horizons 
of up to 85%.  Although, the expectation was to see organic matter content correlate 
positively with clay content this was not the case. This is probably due to the favorable 
conditions for rapid mineralization of organic matter by microorganisms that KN12 
offers (warm and wet) compared to the other sites. Since KN12 is in a depression, it 
receives water from the adjacent uplands and is therefore wetter. All the sites except 
KN12 had good soil drainage and structure favorable for mechanization. As expected, 
there was positive correlation between organic matter, base saturation, and effective 
cation exchange capacity (ECEC) for all the sites. Aluminum toxicity was highest in the 
KN15 and KN16 subsurface horizons. The soil analysis from all these pedons show low 




   
 Phosphorus is most likely the most limiting factor of crop production across the 
region. This deficiency could probably be due to P fixation by clay, Al3+, and iron oxides. 
Therefore, these soils will require application of both organic and inorganic fertilizers for 
better crop output. 
KN13 and KN15 had the same mineralogy (mica, kaolinite, goethite, and rutile) 
while KN12 contained interstratified kaolinite-smectite and KN16 contained hydroxyl-
interlayered vermiculite in addition to the above mentioned minerals. Kaolinite is the 
dominant mineral in all the pedons. Kaolinites are associated with the lowest charge of 
the common clay minerals with ECEC of about 1 to 5 cmolc kg-1 and are the reason why 
these soils have low ECECs. This suggests that most of the ECEC is derived from 
organic matter present in the soil. Therefore, the use of organic manure (farm yard 
manure) is encouraged to enable retention of more nutrients. 
The topography of the study area greatly influences the distribution of soil classes 
as a result of detachment, transport, and deposition by the process of erosion.  Therefore, 
the highest values for ECEC, clay content, silt content, and base saturation are associated 
with the depressions (KN12), as shown by soil analysis. Generally, a knowledge based 
approach in conjunction with geomorphons, slope, topographic wetness index, and 
altitude above channel network can be used as important tools to show the relationship 
between soils and landscapes in which they occur. The maps generated are important 
tools for management of different soils and landscapes for agricultural and environmental 
conservation purposes. 
For future work should include; work with colleagues in Kenya to validate the 




   
classes, create various soil property maps of the study area, utilize the available legacy 
data to continuously update the map, expand the map to the adjacent higher altitude areas 
of the current (KN15 and KN16) of the current county boundary, and lastly,  utilize the 
30 m DEM when it becomes available for better resolution and a more accurate and 
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Appendix A. Initial Reconnaissance Survey   
Date of Survey: 7/3/2012 
An initial reconnaissance survey was conducted to familarize the group with the area. 
Phillip R. Owens, Darrell G. Schulze, Cornelius Serrem, John A. Lomurut, Mercy W. 
Ngunjiri participated. The following are field notes collected during the survey. The CEC 
and pH values are estimates provided by Prof. Serrem, who is familiar with the area. 
Latitude, longitude, and altitude are from GPS using a Garmin GPS 10X receiver. 
1. Kamagut (on Kitale road) 
Location: N 0˚  37’ 13’’ , E 35˚  11’  4’’, Altitude: 2000 m 
Profile description: 
Depth: 46 cm- Hit laterite (just above horizon C (honeycomb-like)) 
Soil: Ferrasol with clay content of 20 – 30%-clay loam 
Has a CEC of 16 cmol kg-1 clay 
Has a pH of 4 – 4.5 
Parent rock is igneous (phonolite) 
2. Kaptuli- Acrisols (a real corn soil according to Serrem) 
Location: N 0˚  36’  39’’, E 35˚  23’ 47’’, Altitude: 2240 m 
Profile description: 
Depth: +100 cm 
Horizons are: Ah, A, AB, At1, Bt2......, C 
Are generally not as rich and developed as  
Has a CEC of 24cmol kg-1 clay 
pH of 4.5 – 5 





necessary for pH above 5.5 
Parent rock is igneous/metamorphosed granite on the surface.  
3. Ferrasols 
Location: N 0˚ 35’ 49’’, E 35˚  23’  46’’, Altitude: 2220 m 
Presence of phonolites 
Low water holding capasity ( very porous). 
4. Ferrasols 
Location: N 0˚  33’  55’’, E 35˚  23’  21’’, Altitude: 2210 m 
Horizon depths 
Ah- 0-20 cm 
A-20-35 cm 




Three soil samples (using a core) was taken from the first three horizons for bulk density 
determination. The following are the ring measurements.  
            Diameter: 4.1 cm 
            Height: 6.3 cm  
V=3.14r2h                                      
Soil Bulk Density Determination  
CALCULATION 
Bulk Density (g/cm3) = M,IV 
= Mass of dry soil sample (dry weight – tare weight ) (grams) MCI  
V = soil volume (cm3) 
 expected values: Approximate range of expected bulk density values: 
1.0g/cm3 for clay soils to 1.8g/cm3 for sandy or compacted soils. 







Appendix B: Profiles Described and Sampled from Pits 













Locations: N 0˚  30’  51’’, E 35˚  24’  30’’, Altitude: 2275 m 
Sampled from a hand-dug pit in a wet, depressional area, 0 to 1% slope. Site used for 
cultivated crops and grazing. Water was standing on the surface in many places. All 
colors are for moist soil unless otherwise stated. 
 
Ap -- 0 to 10 cm; dark brown (7.5YR 3/2) clay loam; moderate medium granular 
structure; diffuse smooth boundary. 
 
A -- 10 to 27 cm; dark brown (7.5YR 3/2) clay; moderate fine granular structure; diffuse 
smooth boundary. 
 
2Bgss1-- 27 to 42 cm; dark grey (7.5YR 4/1) clay; moderate medium angular blocky 
structure; diffuse smooth boundary; presence of many pressure faces; absence of redox 
features. 
 
2Bgss2 -- 42-70 cm; dark grey ((7.5YR 4/1) clay; moderate angular blocky structure; 
wedge shaped peds, presence of  pressure faces, few slickensides; diffuse smooth 
boundary. 
 
2Bgss3 -- 70-105 cm; dark grey (10YR 4/1) clay; moderate angular blocky, wedge 
shaped peds, slickingsides; diffuse smooth boundary 
 
2BC -- 105-110+ cm; grey (10YR 5/1) clay; massive; diffuses mooth boundary; presence 
of Fe-Mn 
 
Described and sampled by Phillip R. Owens, Darrell G. Schulze, Cornelius Serrem, John 

























Locations: N 0˚ 33’   03’’  , E 35˚ 23’  24’’, Altitude: 2235 m 
All colors are for moist soil unless otherwise stated. Sampled from a hand-dug pit in a 
grassed area adjacent to a corn field. On a shoulder slope with about a 2-5 % slope. 
 
Ap1 -- 0 to 20 cm; very dark brown (5YR 2/4) loam;  moderate sub-angular blocky; 
many fine roots; diffuse smooth boundary. 
 
Ap2 -- 20 to 33 cm; dark brown (7.5YR 3/3) light clay loam or heavy loam; angular 
blocky structure; a few concretions; some very fine roots; abrupt smooth boundary. 
 
Bo1 -- 33 to 60 cm; reddish brown (5YR 4/6) light clay loam; sub-angular blocky parting 
to a strong granular structure; few fine roots; diffuse smooth boundary. 
July 
Bo2 -- 60 to 96 cm; reddish brown (5YR 4/8) clay loam; weak sub-angular blocky 
structure parting to a strong granular structure; few fine roots and concretions; diffuse 
smooth boundary. 
 
Boc1 -- 96 to 124 cm; bright reddish brown (5YR 5/6) clay loam; strong granular 
structure; Fe-Mn (about 30%) concretions ranging from 5mm-20mm; diffuse smooth 
boundary. 
 
Boc2 -- 124 to 140 cm; reddish brown (2.5YR 4/6) clay; weak course subangular to weak 
medium angular blocky structure; very fine roots; diffuse smooth boundary. 
 
Boc3 – 140+ cm; continious indurated petroferric material. 
 
Described and sampled by Phillip R. Owens, Darrell G. Schulze, Cornelius Serrem, John 






















Transition Ferralsol to Gleysol 
Locations: N 0˚34’ 37’’, E 35˚23’ 32’’, Altitude: 2228 m 
Native grass growing on the site where the pit was dug. All colors are for moist soil 
unless otherwise stated. Sampled from a hand-dug pit on a long side slope.  
Ap -- 0 to 12 cm; very dark reddish brown (2.5YR 2/2) loam; weak subangular structure 
breaking to granular structure; many fine roots; diffuse smooth boundary. 
 
AB --12 to 25 cm; dark reddish brown (5YR 3/4) heavy loam to weak clay loam; 
moderate subangular structure; few 1 mm concretions; few fine roots; diffuse smooth 
boundary. 
 
BA -- 25 to 45 cm; brown (7.5YR 4/6) loam; weak subangular blocky structure; some 
fine roots and about 2-3 mm concretions; diffuse smooth boundary. 
 
Boc1 -- 45 to 62 cm; reddish brown (5YR 4/6) loam; sub-angular blocky structure; some 
roots and large concretions (about 5mm); some dark red mottles (10 R 3/6); diffuse 
smooth boundary. 
 
Boc2 -- 62 to 82 cm; reddish brown (5YR 4/6) loam; sub-angular blocky structure; 
presence of roots and large concretions (> 8mm) ; diffuse smooth boundary. 
 
Boc3 -- 82+ cm; continious indurated petroferric material. 
 
Described and sampled by Phillip R. Owens, Darrell G. Schulze, Cornelius Serrem, John 


























Locations: N 0˚23’ 27’’, E 35˚28’ 56’’, Altitude: 2430 m 
Numerous mole mounds around the sample site. Sampled from a hand-dug pit on a broad 
side slope adjacent to a forest reserve. All colors are for moist soil unless otherwise stated. 
Ah -- 0 to 15 cm; dark reddish brown (2.5YR 2/4) loam; fine granular structure; many 
fine roots, presence of termites with the profile; diffuse smooth boundary. 
 
BA -- 15 to 22 cm; dark reddish brown (2.5YR 3/4) loam; fine granular or weak sub-
angular blocky structure; some fine roots; some termites; gradual smooth boundary.  
 
Bt1 -- 22 to 50 cm;  reddish brown (5YR 4/8) loam; sub-angular blocky structure; 
presence of roots; diffuse smooth boundary. 
 
Bt2 -- 50 to 79 cm; reddish brown (5YR 4/6) heavy loam; moderate sub-angular blocky 
structure; some fine roots; diffuse smooth boundary. 
 
Bt3 -- 79 to 109 cm; reddish brown (5YR4/6) heavy loam; moderate sub-angular blocky 
structure; some fine roots; diffuse smooth boundary. 
 
Bt4 – 109 to 139 cm; reddish brown (5YR 4/6) loam; weak subangular blocky structure; 
some fine roots; diffuse smooth boundary. 
 
Described and sampled by Phillip R. Owens, Darrell G. Schulze, Cornelius Serrem, John 















 KN16 - Nitisols 
 















Location: N 0˚19’ 47’’, E 35˚34’ 27’’, Altitude: 2750 m 
This sample site was within 20 m of where a traditional house once stood. Also within 50 
m of the pit was a small well with a depth of 2.2 m to the water level. Sampled from a 
hand-dug pit on a summit with 0 – 1% slope. All colors are for moist soil unless 
otherwise stated. 
 
Ah -- 0 to 20 cm; dull reddish brown (5YR 4/3) heavy loam or light clay loam; weak sub-
angular blocky structure breaking to granular structure; many fine roots; some 
earthworms; diffuse smooth boundary. 
 
AB -- 20 to 40 cm; dark reddish brown (2.5YR 3/3) heavy loam or light clay loam; 
moderate subangular blocky structure, structure units are about 1 cm across; presence of 
cutans; many of fine roots; diffuse smooth boundary. 
 
Bt1 -- 40 to 64 cm; dark reddish brown (5YR 3/3) light clay loam; weak prismatic 
structure; some fine roots; diffuse smooth boundary. 
 
Bt2 -- 64 to 92 cm; dull reddish brown (5YR 4/3) Light clay loam; friable; weak 
prismatic structure; some fine roots; diffuse smooth boundary. 
 
Bt3 -- 92 to 120+ cm; reddish brown (2.5YR 4/6) clay loam; weak subangular blocky 
structure; some fine roots; some concretions; diffuse smooth boundary. 
 
Described and sampled by Phillip R. Owens, Darrell G. Schulze, Cornelius Serrem, John 













Appendix C: Transect  with Descriptions from Auger Borings  
A transect was conducted on July 24th and 25th, 2012  to provide additional descriptive 
data for understanding the landscape. Profile descriptions were written from auger 
borings, but samples were not collected. The field team  consisted of Darrell G. Schulze, 
Cornelius Serrem, John A. Lomurut, and Mercy W. Ngunjiri. 
Point 1 
    
                                  
Location: N 0˚27’ 28.236’’, E 35˚23’ 21.678’’ E, Altitude: 2551 m 
Transitional between Ferralsol and Gleysol (absence of ferralic B horizon). The depth to 
the phonolite is 56 cm. 
0-15 cm; dull reddish brown (5YR 4/3) loam; some roots 
15-27 cm; reddish brown (5YR 4/6) light loam; some roots 
27-39 cm; reddish brown (5YR 4/6) light loam 





48-56cm; reddish brown5YR 4/8) clay loam; many concretions 
56 +cm; parent material 
 
Point 2  
    
Transitional between Ferralsol and Gleysol 
Location: N 0˚25’ 59.580’’, E 35˚23’ 30.948’’, Altitude: 2275 m 
0-16 cm; dull reddish brown (5YR 4/3) loam; presence of roots. 
16-26 cm; dull reddish brown (5YR 4/4) light loam; some roots; absence of concretions. 
26-36 cm; dull reddish brown (5YR 4/4) light loam; few concretions; few roots 
36-45 cm; reddish brown (5YR 4/6) loam; many of concretions 
45-53cm; reddish brown (5YR 4/8) light loam; many concretions 
53-64 cmreddish brown (5YR 4/8) light loam; some concretions 
64-75 cmreddish brown (5YR 4/8) light loam; some concretions 














   
                                       
 -There was no auger boring done on this site. This site was swampy and poorly drained 
(gleysol). 
















   
        
Transitional between Ferralsols to Acrisols to Gleysols (lowest points) and to Regosols 
(shallow soils) 
Observation: Large stones are present suggesting there might have been disturbance from 
the nearby road where the auger boring was made.The water table depth is 30 cm from 
the surface.The repeating pattern of soils here is Gleysols (in lower areas) changing into 
Regosols on the side slopes. 
Location: N 0˚23’ 57.144’’, E 35˚23’ 44.778’’, Altitude: 2284 m 
0-17 cm; dark reddish brown (2.5YR 2) light clay loam; some of roots 
17-28 cm; very dark reddish brown (5YR 2/3) clay loam 
28-39 cm; dark reddish brown (5YR 3/3) clay loam; few black concretions; small red 
mottles 
39-48 cm; dark reddish brown (5YR 3/3) clay loam 





56-65 cm; dark reddish brown (5YR 3/3) light clay loam; few mottles 
65-72 cm; reddish brown (2. 5YR 4/8) clay loam; many (Fe (red) and Mn (black) 
concretions (about 2mm) 
72-83 cm; reddish brown (2.5YR 4/8) clay loam; many Fe-Mn concretions. 
83-91 cm; reddish brown (2. 5YR 4/8) clay  




Point 5 (Gleysol) 
   
   
A flat area with several mounds (ant hills).Water table at 17 cm. Presence of native grass 
(‘kipcheiyat grass’). This grass is associated with gleysols. The houses are built on the 
mounds (helps with drainage). The corn on the mounds is visibly healthier than those of 





regions produces a lot of grass for grazing. In extended drought period, only the native 
grass survives. 
Location: N 0˚21’ 41.436’’, E 35˚21’ 20.496’’, Altitude: 2200 m 
0-18 cm; brownish black (5YR 3/1) heavy loam; some roots 
18-28 cm; greyish brown (5YR 4/2) loam; roots 
28-32 cm; greyish brown (5YR 4/2) loam; roots; black concretions 
32-39 cm; greyish brown (7.5YR 4/2) clay loam; many black concretions; roots 
39-50cm; brownish black (5YR 3/) clay; red mottles (Fe-Mn oxides); presence of roots 
50-55 cm; brownish black (5YR 3/1) clay; presence of red mottles (Fe-Mn oxides); roots 
55-60 cm; brownish black (5YR 3/1) clay; red mottles (Fe-Mn oxides) 
60-64 cm; brownish black (5YR 3/1) clay; red mottles (Fe-Mn oxides) 
 
Point 6 (Transitional Acrisol - Ferralsol) 
   





Presence of natural grass-an indication that the soil was least disturbed.The site of the 
boring was fairly flat. The pattern of the soil changes between Acrisols and Ferralsols 
with Regosols on the slopes. There are a few pockets of Gleysols on the low 
(depressions) areas. 
Location: N 0˚22’ 47.844’’, E 35˚18’ 6.360’’, Altitude: 2165 m 
0-19 cm; dark brown (7.5YR 3/4) light silty clay loam; roots 
19-28 cm; dark brown (7.5YR 3/4) light silty clay loam, some roots 
28-35 cm; dark reddish brown (5YR 3/3) light silty clay loam 
35-47 cm; reddish brown (5YR 4/6) light silty clay loam 
47-56cm; reddish brown (5YR 4/6) light silty clay loam 
56-67 cm; reddish brown (5YR 4/6) light silty clay loam; presence of few black (Mn) 
concretions 
67-79 cm; dark reddish brown (5YR 3/4) light silty clay loam; many black (Mn) 
concretions 




















Point 7 (Regosol) 
   
   
-Rocky surface (slope) with shallow soils; a large river at the base of the slope. Many 
rocks/stones-very cobbly (phonolite-igneous). Auger boring at different points gave the 
following depths before hitting horizon C (cm)-16, 32, 16, 12, 27, 8 cm =average depth is 
18.5 cm. The color of the 0-16 cm is 5YR3/4- Dark reddish brown. Loam in texture with 
presence of roots. Of the five soil forming factors, relief (topography) is the key that 
influences the soil type found in a given place. The parent material is the same i.e. 
phonolite being the dominant parent material. 










Point 8 (Regosol) 
   
   
The C horizon is only 25 cm below the soil surface. Auger boring at different points gave 
the following depths (cm) before hitting C horizon (bedrock) ; 22, 15, 21, 15, 12 cm = 
average depth is 17 cm. 
Location: N 0˚25’ 53.892’’, E 35˚10’ 40.206’’, Altitude: 1998 m 
0-6 cm; Color-5 Yr 2/3- Very dark reddish brown; texture-loam, presence of roots 
6-25 cm; Color- 5 YR 3/6- Dark reddish brown; texture- light loam, presence of few 











Point 9 (Gleysol) 
   
   
The Gleysol here looked reddish brown because of water table fluctuation and the 
presence of iron oxides. When the water table comes up (saturation), Fe2+ becomes 
predominant while Fe3+ becomes predominant when the water table falls. The transect 
point is flat but with an outlet (depression with an outlet) and hence no water logging.  
Location: N 0˚25’ 12.684’’, E 35˚11’ 15.258’’, Altitude: 2036 m 
0-16 cm; dark reddish brown (5 YR 3/4 ) loam; some roots 
16-26 cmdark reddish brown (5 YR 3/4) loam; some roots 
26-37 cm; dull reddish brown (5 YR 4/4) loam; roots, some mottles (red) 
37-46 cm; brown (7.5 YR 4/4) loam; roots; mottles 
46-55cm; brown (7.5YR 4/6) clay loam; roots; mottles and depletions 
55-64 cm; brown (7.5YR 4/6)clay; presence of mottles 
64-76 cm; brown (7.5YR 4/6) clay; mottles and some depletions 





82-91 cm; reddish brown (5YR 4/6) clay 
91-98 cm; reddish brown (5YR 4/6) clay 































 Appendix D.  Descriptive analysis (Tukey’s Test) 
ONEWAY BS BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Oneway 
Notes 
Output Created 12-JUL-2014 16:49:41 
Comments  
Input 
Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 26 
Missing Value Handling 
Definition of Missing 
User-defined missing values are 
treated as missing. 
Cases Used 
Statistics for each analysis are based 
on cases with no missing data for any 
variable in the analysis. 
Syntax 
ONEWAY BS BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.05 




BS   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 99.6667 .51640 .21082 99.1247 100.2086 99.00 
2.00 4 99.2500 .50000 .25000 98.4544 100.0456 99.00 
3.00 5 92.0000 6.78233 3.03315 83.5786 100.4214 84.00 
4.00 6 85.6667 11.69045 4.77261 73.3983 97.9350 74.00 
5.00 5 65.4000 20.36664 9.10824 40.1115 90.6885 49.00 



















BS   
 Sum of Squares df Mean Square F Sig. 
Between Groups 3986.922 4 996.730 8.278 .000 
Within Groups 2528.617 21 120.410   
















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   BS   
Tukey HSD   
(I) Site (J) Site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 .41667 7.08315 1.000 -20.6843 21.5176 
3.00 7.66667 6.64458 .777 -12.1278 27.4611 
4.00 14.00000 6.33536 .215 -4.8733 32.8733 
5.00 34.26667* 6.64458 .000 14.4722 54.0611 
2.00 
1.00 -.41667 7.08315 1.000 -21.5176 20.6843 
3.00 7.25000 7.36102 .859 -14.6788 29.1788 
4.00 13.58333 7.08315 .339 -7.5176 34.6843 
5.00 33.85000* 7.36102 .001 11.9212 55.7788 
3.00 
1.00 -7.66667 6.64458 .777 -27.4611 12.1278 
2.00 -7.25000 7.36102 .859 -29.1788 14.6788 
4.00 6.33333 6.64458 .873 -13.4611 26.1278 
5.00 26.60000* 6.94004 .008 5.9254 47.2746 
4.00 
1.00 -14.00000 6.33536 .215 -32.8733 4.8733 
2.00 -13.58333 7.08315 .339 -34.6843 7.5176 
3.00 -6.33333 6.64458 .873 -26.1278 13.4611 
5.00 20.26667* 6.64458 .043 .4722 40.0611 
5.00 
1.00 -34.26667* 6.64458 .000 -54.0611 -14.4722 
2.00 -33.85000* 7.36102 .001 -55.7788 -11.9212 
3.00 -26.60000* 6.94004 .008 -47.2746 -5.9254 
4.00 -20.26667* 6.64458 .043 -40.0611 -.4722 
 














Tukey HSDa,b   
Site N Subset for alpha = 0.05 
1 2 
5.00 5 65.4000  
4.00 6 85.6667 85.6667 
3.00 5  92.0000 
2.00 4  99.2500 
1.00 6  99.6667 
Sig.  .054 .285 
 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 5.085. 
b. The group sizes are unequal. The harmonic 
mean of the group sizes is used. Type I error 
















ONEWAY ECEC BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05) 
Oneway 
Notes 
Output Created 12-JUL-2014 17:58:22 
Comments  
Input 
Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 26 
Missing Value Handling 
Definition of Missing 
User-defined missing values are 
treated as missing. 
Cases Used 
Statistics for each analysis are based 
on cases with no missing data for any 
variable in the analysis. 
Syntax 
ONEWAY ECEC BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.00 




ECEC   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 28.1000 6.50969 2.65757 21.2685 34.9315 19.60 
2.00 4 7.3500 .89629 .44814 5.9238 8.7762 6.10 
3.00 5 7.3400 1.32401 .59211 5.6960 8.9840 5.80 
4.00 6 6.5833 2.22119 .90680 4.2523 8.9143 4.10 
5.00 5 9.2400 2.60346 1.16430 6.0074 12.4726 6.70 


















ECEC   
 Sum of Squares df Mean Square F Sig. 
Between Groups 1961.744 4 490.436 37.714 .000 
Within Groups 273.082 21 13.004   





















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   ECEC   
Tukey HSD   
(I) Site (J) Site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 20.75000* 2.32772 .000 13.8156 27.6844 
3.00 20.76000* 2.18360 .000 14.2550 27.2650 
4.00 21.51667* 2.08198 .000 15.3144 27.7190 
5.00 18.86000* 2.18360 .000 12.3550 25.3650 
2.00 
1.00 -20.75000* 2.32772 .000 -27.6844 -13.8156 
3.00 .01000 2.41904 1.000 -7.1964 7.2164 
4.00 .76667 2.32772 .997 -6.1677 7.7010 
5.00 -1.89000 2.41904 .933 -9.0964 5.3164 
3.00 
1.00 -20.76000* 2.18360 .000 -27.2650 -14.2550 
2.00 -.01000 2.41904 1.000 -7.2164 7.1964 
4.00 .75667 2.18360 .997 -5.7484 7.2617 
5.00 -1.90000 2.28069 .917 -8.6943 4.8943 
4.00 
1.00 -21.51667* 2.08198 .000 -27.7190 -15.3144 
2.00 -.76667 2.32772 .997 -7.7010 6.1677 
3.00 -.75667 2.18360 .997 -7.2617 5.7484 
5.00 -2.65667 2.18360 .742 -9.1617 3.8484 
5.00 
1.00 -18.86000* 2.18360 .000 -25.3650 -12.3550 
2.00 1.89000 2.41904 .933 -5.3164 9.0964 
3.00 1.90000 2.28069 .917 -4.8943 8.6943 
4.00 2.65667 2.18360 .742 -3.8484 9.1617 
 












Tukey HSDa,b   
Site N Subset for alpha = 0.05 
1 2 
4.00 6 6.5833  
3.00 5 7.3400  
2.00 4 7.3500  
5.00 5 9.2400  
1.00 6  28.1000 
Sig.  .765 1.000 
 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 5.085. 
b. The group sizes are unequal. The harmonic 
mean of the group sizes is used. Type I error 
















ONEWAY Ca BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Oneway 
Notes 
Output Created 12-JUL-2014 18:49:18 
Comments  
Input 
Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 26 
Missing Value Handling 
Definition of Missing 
User-defined missing values are 
treated as missing. 
Cases Used 
Statistics for each analysis are based 
on cases with no missing data for any 
variable in the analysis. 
Syntax 
ONEWAY Ca BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.02 




Ca   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 21.8667 5.62340 2.29574 15.9653 27.7681 14.20 
2.00 4 3.9000 .76594 .38297 2.6812 5.1188 2.90 
3.00 5 3.9200 1.01341 .45321 2.6617 5.1783 2.70 
4.00 6 3.6000 1.95243 .79708 1.5510 5.6490 1.60 
5.00 5 4.4000 3.23574 1.44707 .3823 8.4177 1.70 

















Ca   
 Sum of Squares df Mean Square F Sig. 
Between Groups 1484.985 4 371.246 34.662 .000 
Within Groups 224.921 21 10.711   
















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   Ca   
Tukey HSD   
(I) Site (J) Site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 17.96667* 2.11252 .000 11.6734 24.2599 
3.00 17.94667* 1.98172 .000 12.0431 23.8503 
4.00 18.26667* 1.88949 .000 12.6378 23.8955 
5.00 17.46667* 1.98172 .000 11.5631 23.3703 
2.00 
1.00 -17.96667* 2.11252 .000 -24.2599 -11.6734 
3.00 -.02000 2.19539 1.000 -6.5602 6.5202 
4.00 .30000 2.11252 1.000 -5.9933 6.5933 
5.00 -.50000 2.19539 .999 -7.0402 6.0402 
3.00 
1.00 -17.94667* 1.98172 .000 -23.8503 -12.0431 
2.00 .02000 2.19539 1.000 -6.5202 6.5602 
4.00 .32000 1.98172 1.000 -5.5836 6.2236 
5.00 -.48000 2.06983 .999 -6.6461 5.6861 
4.00 
1.00 -18.26667* 1.88949 .000 -23.8955 -12.6378 
2.00 -.30000 2.11252 1.000 -6.5933 5.9933 
3.00 -.32000 1.98172 1.000 -6.2236 5.5836 
5.00 -.80000 1.98172 .994 -6.7036 5.1036 
5.00 
1.00 -17.46667* 1.98172 .000 -23.3703 -11.5631 
2.00 .50000 2.19539 .999 -6.0402 7.0402 
3.00 .48000 2.06983 .999 -5.6861 6.6461 
4.00 .80000 1.98172 .994 -5.1036 6.7036 
 













Tukey HSDa,b   
Site N Subset for alpha = 0.05 
1 2 
4.00 6 3.6000  
2.00 4 3.9000  
3.00 5 3.9200  
5.00 5 4.4000  
1.00 6  21.8667 
Sig.  .995 1.000 
 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 5.085. 
b. The group sizes are unequal. The harmonic 
mean of the group sizes is used. Type I error 
















ONEWAY Al BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Oneway 
Notes 
Output Created 12-JUL-2014 18:54:54 
Comments  
Input 
Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 26 
Missing Value Handling 
Definition of Missing 
User-defined missing values are 
treated as missing. 
Cases Used 
Statistics for each analysis are based 
on cases with no missing data for any 
variable in the analysis. 
Syntax 
ONEWAY Al BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.00 




Al   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 .0500 .08367 .03416 -.0378 .1378 .00 
2.00 4 .0500 .05774 .02887 -.0419 .1419 .00 
3.00 5 .5200 .38987 .17436 .0359 1.0041 .00 
4.00 6 .7500 .56125 .22913 .1610 1.3390 .10 
5.00 5 2.7800 1.57226 .70314 .8278 4.7322 .00 

















Al   
 Sum of Squares df Mean Square F Sig. 
Between Groups 25.615 4 6.404 11.099 .000 
Within Groups 12.116 21 .577   
















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   Al   
Tukey HSD   
(I) Site (J) Site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 .00000 .49030 1.000 -1.4606 1.4606 
3.00 -.47000 .45994 .842 -1.8402 .9002 
4.00 -.70000 .43854 .516 -2.0064 .6064 
5.00 -2.73000* .45994 .000 -4.1002 -1.3598 
2.00 
1.00 .00000 .49030 1.000 -1.4606 1.4606 
3.00 -.47000 .50954 .885 -1.9879 1.0479 
4.00 -.70000 .49030 .618 -2.1606 .7606 
5.00 -2.73000* .50954 .000 -4.2479 -1.2121 
3.00 
1.00 .47000 .45994 .842 -.9002 1.8402 
2.00 .47000 .50954 .885 -1.0479 1.9879 
4.00 -.23000 .45994 .986 -1.6002 1.1402 
5.00 -2.26000* .48040 .001 -3.6911 -.8289 
4.00 
1.00 .70000 .43854 .516 -.6064 2.0064 
2.00 .70000 .49030 .618 -.7606 2.1606 
3.00 .23000 .45994 .986 -1.1402 1.6002 
5.00 -2.03000* .45994 .002 -3.4002 -.6598 
5.00 
1.00 2.73000* .45994 .000 1.3598 4.1002 
2.00 2.73000* .50954 .000 1.2121 4.2479 
3.00 2.26000* .48040 .001 .8289 3.6911 
4.00 2.03000* .45994 .002 .6598 3.4002 
 












Tukey HSDa,b   
Site N Subset for alpha = 0.05 
1 2 
2.00 4 .0500  
1.00 6 .0500  
3.00 5 .5200  
4.00 6 .7500  
5.00 5  2.7800 
Sig.  .592 1.000 
 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 5.085. 
b. The group sizes are unequal. The harmonic 
mean of the group sizes is used. Type I error 
















ONEWAY Mg BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Oneway 
Notes 
Output Created 12-JUL-2014 18:43:04 
Comments  
Input 
Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 26 
Missing Value Handling 
Definition of Missing 
User-defined missing values are 
treated as missing. 
Cases Used 
Statistics for each analysis are based 
on cases with no missing data for any 
variable in the analysis. 
Syntax 
ONEWAY Mg BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.02 




Mg   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 4.7333 .82865 .33830 3.8637 5.6030 3.60 
2.00 4 1.6500 .17321 .08660 1.3744 1.9256 1.50 
3.00 5 1.6600 .55946 .25020 .9653 2.3547 1.10 
4.00 6 1.0000 .49396 .20166 .4816 1.5184 .60 
5.00 5 .6200 .55857 .24980 -.0736 1.3136 .20 

















Mg   
 Sum of Squares df Mean Square F Sig. 
Between Groups 61.411 4 15.353 44.511 .000 
Within Groups 7.243 21 .345   




















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   Mg   
Tukey HSD   
(I) Site (J) Site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 3.08333* .37910 .000 1.9540 4.2127 
3.00 3.07333* .35563 .000 2.0139 4.1328 
4.00 3.73333* .33908 .000 2.7232 4.7435 
5.00 4.11333* .35563 .000 3.0539 5.1728 
2.00 
1.00 -3.08333* .37910 .000 -4.2127 -1.9540 
3.00 -.01000 .39397 1.000 -1.1837 1.1637 
4.00 .65000 .37910 .447 -.4794 1.7794 
5.00 1.03000 .39397 .104 -.1437 2.2037 
3.00 
1.00 -3.07333* .35563 .000 -4.1328 -2.0139 
2.00 .01000 .39397 1.000 -1.1637 1.1837 
4.00 .66000 .35563 .370 -.3994 1.7194 
5.00 1.04000 .37144 .072 -.0665 2.1465 
4.00 
1.00 -3.73333* .33908 .000 -4.7435 -2.7232 
2.00 -.65000 .37910 .447 -1.7794 .4794 
3.00 -.66000 .35563 .370 -1.7194 .3994 
5.00 .38000 .35563 .820 -.6794 1.4394 
5.00 
1.00 -4.11333* .35563 .000 -5.1728 -3.0539 
2.00 -1.03000 .39397 .104 -2.2037 .1437 
3.00 -1.04000 .37144 .072 -2.1465 .0665 
4.00 -.38000 .35563 .820 -1.4394 .6794 
 












Tukey HSDa,b   
Site N Subset for alpha = 0.05 
1 2 
5.00 5 .6200  
4.00 6 1.0000  
2.00 4 1.6500  
3.00 5 1.6600  
1.00 6  4.7333 
Sig.  .069 1.000 
 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 5.085. 
b. The group sizes are unequal. The harmonic 
mean of the group sizes is used. Type I error 
















ONEWAY O.M BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Oneway 
Notes 
Output Created 12-JUL-2014 19:18:36 
Comments  
Input 
Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data 
File 
26 
Missing Value Handling 
Definition of Missing 
User-defined missing values are 
treated as missing. 
Cases Used 
Statistics for each analysis are based 
on cases with no missing data for any 
variable in the analysis. 
Syntax 
ONEWAY O.M BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.02 




O.M   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 3.9333 1.12901 .46092 2.7485 5.1182 2.30 
2.00 4 4.5750 .71822 .35911 3.4322 5.7178 3.70 
3.00 5 4.7400 1.40107 .62658 3.0003 6.4797 3.70 
4.00 6 5.2000 1.54272 .62981 3.5810 6.8190 3.60 
5.00 5 6.5600 1.35019 .60382 4.8835 8.2365 4.90 

















O.M   
 Sum of Squares df Mean Square F Sig. 
Between Groups 20.289 4 5.072 3.046 .040 
Within Groups 34.965 21 1.665   
















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   O.M   
Tukey HSD   
(I) Site (J) Site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 -.64167 .83291 .936 -3.1230 1.8396 
3.00 -.80667 .78134 .838 -3.1343 1.5210 
4.00 -1.26667 .74498 .455 -3.4860 .9527 
5.00 -2.62667* .78134 .022 -4.9543 -.2990 
2.00 
1.00 .64167 .83291 .936 -1.8396 3.1230 
3.00 -.16500 .86559 1.000 -2.7436 2.4136 
4.00 -.62500 .83291 .942 -3.1063 1.8563 
5.00 -1.98500 .86559 .186 -4.5636 .5936 
3.00 
1.00 .80667 .78134 .838 -1.5210 3.1343 
2.00 .16500 .86559 1.000 -2.4136 2.7436 
4.00 -.46000 .78134 .975 -2.7877 1.8677 
5.00 -1.82000 .81609 .207 -4.2512 .6112 
4.00 
1.00 1.26667 .74498 .455 -.9527 3.4860 
2.00 .62500 .83291 .942 -1.8563 3.1063 
3.00 .46000 .78134 .975 -1.8677 2.7877 
5.00 -1.36000 .78134 .432 -3.6877 .9677 
5.00 
1.00 2.62667* .78134 .022 .2990 4.9543 
2.00 1.98500 .86559 .186 -.5936 4.5636 
3.00 1.82000 .81609 .207 -.6112 4.2512 
4.00 1.36000 .78134 .432 -.9677 3.6877 
 












Tukey HSDa,b   
Site N Subset for alpha = 0.05 
1 2 
1.00 6 3.9333  
2.00 4 4.5750 4.5750 
3.00 5 4.7400 4.7400 
4.00 6 5.2000 5.2000 
5.00 5  6.5600 
Sig.  .534 .140 
 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 5.085. 
b. The group sizes are unequal. The harmonic 
mean of the group sizes is used. Type I error 
















ONEWAY P BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Oneway 
Notes 
Output Created 12-JUL-2014 19:23:54 
Comments  
Input 
Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data 
File 
26 
Missing Value Handling 
Definition of Missing 
User-defined missing values are 
treated as missing. 
Cases Used 
Statistics for each analysis are based 
on cases with no missing data for any 
variable in the analysis. 
Syntax 
ONEWAY P BY Site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.02 




P   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 2.0000 1.67332 .68313 .2440 3.7560 1.00 
2.00 4 6.5000 6.35085 3.17543 -3.6056 16.6056 1.00 
3.00 5 1.0000 .00000 .00000 1.0000 1.0000 1.00 
4.00 6 1.1667 .40825 .16667 .7382 1.5951 1.00 
5.00 5 12.2000 20.05492 8.96883 -12.7015 37.1015 2.00 

















P   
 Sum of Squares df Mean Square F Sig. 
Between Groups 476.482 4 119.121 1.434 .258 
Within Groups 1744.633 21 83.078   
















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   P   
Tukey HSD   
(I) Site (J) Site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 -4.50000 5.88351 .938 -22.0272 13.0272 
3.00 1.00000 5.51923 1.000 -15.4420 17.4420 
4.00 .83333 5.26238 1.000 -14.8435 16.5101 
5.00 -10.20000 5.51923 .374 -26.6420 6.2420 
2.00 
1.00 4.50000 5.88351 .938 -13.0272 22.0272 
3.00 5.50000 6.11433 .894 -12.7148 23.7148 
4.00 5.33333 5.88351 .891 -12.1939 22.8605 
5.00 -5.70000 6.11433 .881 -23.9148 12.5148 
3.00 
1.00 -1.00000 5.51923 1.000 -17.4420 15.4420 
2.00 -5.50000 6.11433 .894 -23.7148 12.7148 
4.00 -.16667 5.51923 1.000 -16.6086 16.2753 
5.00 -11.20000 5.76464 .327 -28.3731 5.9731 
4.00 
1.00 -.83333 5.26238 1.000 -16.5101 14.8435 
2.00 -5.33333 5.88351 .891 -22.8605 12.1939 
3.00 .16667 5.51923 1.000 -16.2753 16.6086 
5.00 -11.03333 5.51923 .300 -27.4753 5.4086 
5.00 
1.00 10.20000 5.51923 .374 -6.2420 26.6420 
2.00 5.70000 6.11433 .881 -12.5148 23.9148 
3.00 11.20000 5.76464 .327 -5.9731 28.3731 














Tukey HSDa,b   
Site N Subset for alpha 
= 0.05 
1 
3.00 5 1.0000 
4.00 6 1.1667 
1.00 6 2.0000 
2.00 4 6.5000 
5.00 5 12.2000 
Sig.  .319 
 
Means for groups in homogeneous 
subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 
5.085. 
b. The group sizes are unequal. The 
harmonic mean of the group sizes is 
















ONEWAY % clay BY site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Oneway 
Notes 




Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data 
File 
28 
Missing Value Handling 
Definition of Missing 
User-defined missing values are treated as 
missing. 
Cases Used 
Statistics for each analysis are based on 
cases with no missing data for any variable 
in the analysis. 
Syntax 
ONEWAY % clay BY site 
  /STATISTICS DESCRIPTIVES 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
Resources 
Processor Time 00:00:00.02 




Texture   
 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum 
Lower Bound Upper Bound 
1.00 6 73.0167 13.87371 5.66392 58.4571 87.5762 54.97 
2.00 6 58.2567 6.30613 2.57447 51.6388 64.8745 49.43 
3.00 5 55.6160 6.69803 2.99545 47.2993 63.9327 44.76 
4.00 6 70.9400 2.81040 1.14734 67.9907 73.8893 67.24 
5.00 5 55.7940 8.53129 3.81531 45.2010 66.3870 46.55 
















Texture   
 Sum of Squares df Mean Square F Sig. 
Between Groups 1646.077 4 411.519 5.663 .003 
Within Groups 1671.313 23 72.666 
  
Total 3317.390 27 
















Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:   Texture   
Tukey HSD   
(I) site (J) site Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower Bound Upper Bound 
1.00 
2.00 14.76000* 4.92158 .046 .2117 29.3083 
3.00 17.40067* 5.16179 .020 2.1423 32.6591 
4.00 2.07667 4.92158 .993 -12.4716 16.6250 
5.00 17.22267* 5.16179 .022 1.9643 32.4811 
2.00 
1.00 -14.76000* 4.92158 .046 -29.3083 -.2117 
3.00 2.64067 5.16179 .985 -12.6177 17.8991 
4.00 -12.68333 4.92158 .108 -27.2316 1.8650 
5.00 2.46267 5.16179 .989 -12.7957 17.7211 
3.00 
1.00 -17.40067* 5.16179 .020 -32.6591 -2.1423 
2.00 -2.64067 5.16179 .985 -17.8991 12.6177 
4.00 -15.32400* 5.16179 .049 -30.5824 -.0656 
5.00 -.17800 5.39132 1.000 -16.1149 15.7589 
4.00 
1.00 -2.07667 4.92158 .993 -16.6250 12.4716 
2.00 12.68333 4.92158 .108 -1.8650 27.2316 
3.00 15.32400* 5.16179 .049 .0656 30.5824 
5.00 15.14600 5.16179 .052 -.1124 30.4044 
5.00 
1.00 -17.22267* 5.16179 .022 -32.4811 -1.9643 
2.00 -2.46267 5.16179 .989 -17.7211 12.7957 
3.00 .17800 5.39132 1.000 -15.7589 16.1149 
4.00 -15.14600 5.16179 .052 -30.4044 .1124 
 













Tukey HSDa,b   
site N Subset for alpha = 0.05 
1 2 
3.00 5 55.6160 
 
5.00 5 55.7940 
 






 .985 .058 
 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 5.556. 
b. The group sizes are unequal. The harmonic mean of 
the group sizes is used. Type I error levels are not 
guaranteed. 
 
 
 
